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CATT devices
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Collector transit-time mechanisms

Large-signal computer simulation

. ~ Controlled avalanche transit-time triode amplifiers
. ABSTRACT (Canthere on side i Y and 14entily by Siock mumber)

e purpose of this work is to study the theoretical effects of avalanche
multiplication and collector transit time on microwave gontrolled gvalanche
Jransit-time griode (CATT) devices. The oblectives of This report are to
cbtain a better device model, develop a complete one-dimensional large-signal
- simulation computer program, calculate the large-signal performance of (lass C
CATT amplifiers and make a cowmparison between Class C CATT and Class C BJT

amplifiers... The following studies were carried out in order to achieve these
objectives,
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20. Abstract {Cont.)

A dc computer program was developed which calculates the dc avalanche
multiplication factor vs. base-collector dc bias characteristics. The results
provide an estimation of the suitability of various semiconductor materials,
optimum collector geometrical structures and doping densities.

Analytical models of dc and small-signal characteristics for Read-type collector
structures are given which incorporate both the avalanche multiplication and
collector transit-time mechanisms. Contrary to previous findings, the small-
signal characteristics indicate that a large avalanche multiplication fastor
decreases the RF power gain of smell-signal Class A CATT amplifiers. The
results are given and discussed.

A large-signal computer simulation was developed which consists of three computer
programs: the emitte; -base computer program (EBCP), the large-signal simulation
program {LSSP), and the coilector circuit computer program (CCCP). The effects
of high impurity doping level in the emitter, high injJection level in th= base,
time-varying width of the neutral base regicn, carrier-induced drift field in
the bese, nonzero minority carrier concentration at the =dge of the base-
collector depletion region in the base, and the feedback hole current are
incorporated in EBCP. Computer program LSSP models the semiconductor region
through a set of difference equations of the semiconductor equations. A
current-conserving boundary condition is given. The simulation includes the
velocity-electric field, diffusion-electiric field, and avalanche ionizaticn
rate-electric field characteristies in the collector region. The computer
program CCCP incorporates the displucement current in the collector semiconductor
region and the effects of the external ioad impedance.

Large-signal results of Class C CATT amplifiers are obisined and are presented.
Effects of base-~collector dc bias, load, ecollector structure, and operating
frequency are discussed. The sizulation calculates smplifier output power,
gain, and efficiency. It also gives the emitter-base current and voltage
vaveforms; avalanche multiplication factor; vaveforms of voltage across the
base~collector depletion region and collector terminal current; and spsatial
distributions of electrons, holes, and electric field at any time instant.
Large-signal output power, gain, efficiency, dynamic range, and inherent
ovandwidth of Tlass C CATT and BJT amplifiers are compared and suggestions for
further studies are given.
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1.1 Historical Backzround

1.1.1 3ipolar Junction Transistors {3JTs5). Of all

semiconductor devices the BJT, an acronys for bipolar junction transistor,

ic the most important. Its invention brought sbout an unprecedented

grovih of research and developzment in solid-state physies and engineer-
ing. Transistors are now key elements, for example, in high-speed
computers, in space vehicles and satellites, and in all modern

communication and power systems.

The development of ppint-contact transistors by Bardeen and
Brattain! was anmounced in 1948. Ther in 1949, Shockley? proposed a
jJunction bipolar transistor and Iaid sut the basic theory of this
fundamental structure. In the microwave pover bipolar transistor ares,

pioneering work wus done by Early’ and Pritchard,” where they considered

high-Trequen~y effects, and Ebers and ¥011,> Fletcher,® and Exeis et aE.,?

who studied high~pover effects on transistor cperation, Some papers
have been devoted ic the analysis of the mutual dependence of these
effects.? 10 0On the uther hand, some more recent studies have been
publisned concerning the theory and characterization of microvave
bipolar transist rs, 11-15

At the inception of the BJT, transistors vere able i{o operate

t frequencies up 1o = few hundred kHz only and the chioce 6f the semi-
conductor material was restricted io germanium, since the epaterial had

been produced with sufficient purity and in single-crystal form. Theo

bs.
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predicted that they should be able sperate at puch higher freguencies,

"

even into the microwave fregquency range, by a reduction of their overall
dimensions. In particular, it was recognized that the transit time of

charge carriers through the device and the rate of change of electricai

charge stored within the device would 1imit the freguency response. In

order 1o improve the performance at higher freguencies, the base width

of the BJT rust be reduced io reduce &

by
[

ransit Ltime and the active

device area must decrease in order io reduce the capascitance or sicred

el

charge. Thnese refinezenis demanded 5 much tighter conirsl on all three

dimensions of the device. Transistor technology has enjoyed many break-
throughs, particularly in the aﬁiéﬁ—éﬁséiigsig and grown-juncticn tech-

and in zone-refining,’?® diffusion,?3-2! epitaxiai,?? planar,?3

beam-lcad,2“ and ion implantation technologies.?® These breakthroughs

have helped tc increase the power and freguency capabilities of transis-

tors, as well as their reliability, by many orders of magnitude.

Hith the present technology and without electron-beas or x-ray - ,
exposure (i.e., - 1 um linewidth}, an aspect ratio of - 20:1 is ) :

theoretically attainable with interdigitated

s overlay or =esh structures.

AR & 5

The practical limit, however, czeems io be approxismtely 10:1. Ac to
the base layer width, the lowest value achieved under a comproaise
tween minimus base transit tizme and mini=um base spreading resistance
C.1 =,
Tne physical properties of the semiconductior theoretically
determine the

exarpie, Johnson




size of the device is reduced to achieve high-frequency performance,

the voltage must bhe maintained at a value sufficient to give the required

power output. In the limit, a further reduction in device dimension

parallel to the electric field direction would be impossible because the

electric field would exceed EB‘ In practice, the frequency limit derived

by Johnson has not been reached. For technological reasons, Si is pre~
ferred to Ge and GaAs for microwave bipolar transistors. The techno-

logical superiority of Si is due mainly to the ability of silicon dioxide

to act as a diffusion mask and the ability to etch very fine patterns

in this oxide, The oxides of Ge and GaAs are not as stable as silicon

dioxide and for these semiconductor materials chemical vapor deposited

silicon dioxide and silicon nitride, when used as a diffusion mask or

as an insulating material, produced results inferior to thermally grown
silicon dioxide on silicon. Much progress in GaAs technology has been
achieved in the last few years. Another reason why Si material is
preferred is its good thermal conductivity which is a factor of two
better than GaAs. Good thermal corductivity is su important concern,
especially in high-power applications.
Bipolar junction transistors have the following advantages which

assure their place in the microwave power semiconductor device family:

1. Due to their three-terminzl configuration, their application,
particularly as amplifiers or switching devices, is much easier and

the corresponding circuits much simpler than for two-terminal devices.

G

2. Due to their operation with both majority- and minority-carrier
types, very high local current density can be reached, much higher than

in the majority-carrier devices.

Ao
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3.

The operating power efficiency is high, particularly for Class
C amplifiers.

L,
amplifiers.

5.

The operational bandwidth is large, particularly for Class A
6.

The power gain in amplifier operation is relatively high.
1.

Signal distortion is lower than in two-terminal devices.
level is lower than in avalanche diodes.

Noise
With present Si technology, good output power can be obtained
in the X-band frequency range.26

1.1.2

Controlled-Avalanche Transit-Time Triode (CATT) Devices.
Diodes, and in particular the IMPATT, which is an acronym for impact

ionization avalanche transit time, have relatively simple configurations
tation.

and operate close to the well-known Johnson® material parameter limi-

Transistors, however, perform well below the material limit,
in spite of considerable effort to optimize their configurations and
the great aavancement made in Si technology.

On the other hand, three-

terminal devices have many advantages over diodes as mentioned previously.
time triode.

A new three-terminal device was proposed by Yu et al.27 in 1974.

This
new device was named CATT, an acronym for controlled-avalanche transit-
both avalanche multiplication and transit time.

It is self-evident from its name that this device utilizes

In designing a BJT

device, avalanche multiplication has always been associated with Junction
breakdown and was always avoided in amplifier applications.

Incorpo-
ration of avalanche multinlication into the BJT device is important for
several design applications.28-39

~ha

For a large number of circuits,
transistor Junction breakdown is used to provide a reference voltage.

i
8
i
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An ability to model such operation is desirable. For other applications,
circuit performance under surge conditions must be determined. Possible
malfunctions due to second dreakdown cun only be determined if an avalanche

~

model is first established, Another reason for investigating avalanche

multiplication is that when & BJT is biased in the avalanche mulitipli-

cation region, az negative differential resistance between collector and

i

emitter may exist. This part of the characteristic, commonly named the

avalanche region, may be used for fast switching appiicatiﬁns.3l In

power amplifier app , it has been established that BJTs having

ol
o)
Yot
™
]
)
ot
e
o]
jal
t

long collector regions, i.e., large junction breakdown voltages, can be
desirable, but it was not until the discovery of the CATT device by Yu
et al.27+32=3% that both avaianche multiplication and coliector transit
time were actively used tc advantage in power amplifiers. In 197k,

Winstanley and Carroll 3> proposed the IMPISTOR, a transistor with an

IMPATT-like ccllector region, for which Yu et al. have suggested the
name CATT. Carroli® discussed three possible modes of operation for

the avalanche transit-time transistor: (1) the multiplication mode,

e

(2) the negative impedance mcde, and (3) the pulse mode., The modes .
move progressively through the phenomena of avalanche multiplication,

IMPATT negative conductance combined with multiplication, and voltage

collapse and high zurrent pulses associated éith TRAPATT cperation.

The multiplication rode will be studied in this report. Quang,3? in

1975, presented a lumped-distributed small-signal equivalent circuit

i 5 AUt s

for an IMPISTOR in the negative impedance mode. In 1976, Lefebvre et

al.38 utilized a computer program developed for high-efficiency IMPATT
diodes ‘o investigate the influence of a thermionic-type injected
current on the dynamic operating conditions and performance of GaAs

~ -5-
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The work showed that interesting results can be obtained

IMPATT diodes.
in X-band and the practical realization of such a device would be possible

by using a CATT operating in the negative impedance mode.

1.2 Basic Properties of CATT Devices
1.2.1 Collector Structures of CATT Devices. The various struc-

s, the ava-

tures are described in terms of the avalanche region width w
lanche region doping density Nav’ the drift region doping density Rdrift’
and the drift region width Ve The LO-HI-LO doping profiles also include
the total concentration of carriers in the charge clump per unit area Qc.

The doping and electric field profiles for various common CATT collector

structures are shown in Fig. 1.1 along with the parameters that are used

to describe their characteristics.
1.2.2 Principles of Operation of CATT Devices. The CAIT device

operates in a manner similar to that of a bipolar junction transistor.
In an n-type CATT device, whose structure is shown in Fig. 1.2, electrons
and holes are injected across the forward-biased emitter-base junction.
The majority of the injected electrons, minority carriers in the base
region, diffuse across the neutral base region and then the electric

field, set up by the base-collector reverse bias, draws them into the
A small percentage of the emitter-injected electrons

collector region.
Electrons

are lost in the base region through carrier recombination.

that are drawn into the collector region first undergo avalanche multi-

plication in the high-field portion of the collector region and then
drift across the depleted low-field portion. While making a transit
across the ccllector depletion region, a current is induced at the
collector terminal. Unlike the bipolar junction transistors whose

iy 1o
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. DOPING PROFILE ELECTRIC FIELD PROFILE

(a) UNIFORM STRUCTURE

B el

-—-—wD————-

Nav

f Ndrift

DOPING PROFILE ELECTRIC FIELD PROFILE

(b) HI-LO STRUCTURE

Nav Ndnf t

DOPING PROFILE ELECTRIC FIELD PROFILE

(c) LO-HI-LO STRUCTURE
FIG. 1.1 DOPING AND ELECTRIC FIELD PROFILES OF VARIOUS CATT

COLLECTOR STRUCTURES.
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other hand, the emitter injected electrons will enter the avalanche

H

ultipiication region at a time when the voliage across the collector
region is low and not many electron-hole pairs will be generated.

Limited by a narrow induced current waveform and small current multi-

plication, a CATT device with a narrow collector region will not be
able to produce very much RF power. £ the collector transit angle is

'»n T
ol
)

[
[
L]

[
L]

than = rad implies that there

conduction current {lowing during the positive half-cycle of the

colliector RF voltage which means energy dissipstion instead of power

generation. The collector efficiency is poor for large volliecior
transit angie situations. An optimum operating condition seems to be
when the ccllector transit angle is approximately ¥ rad.

It should be noted that tne collector RF vcltage is initiated

by the entering of emitter injected electrons into the collector. This

is because ithe bias voliage, as =een the ~ollector, drops when the
ccllector current Tlows in the external load, whereas in the IMPATT

givde, the current wavefornm is initiated by the device voliage whi

sition of a large RF voltage over =z dc bias

ﬂ‘

o whisah Io sanlw
WIich iS85 &n

bwd
L ﬂ‘
o
5
32
L]
..,1:
!:;]
)

¥y below the device junction bhreakdown voltiage.

is ignored, theoretically, a pulse of charge is slways
the low-fTield drift region at the time when the phase
IMPATT RF

i TT BF voltage is close to 7 rad, regardless of the

transit angle. The collector voltage and induced current

-10-
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waveforms of a CATT device and those of an IMPATT are very similar vwhen
the drift region transit angle is approximately ¥ rad and they are dif-
ferent when the drift region transit angle differs significantly from

n rad.

The upper limit on the collector voltage is approximately the
base-cellector Jjunction breakdown voltage VB. Actually, the collector
voltage can exceed ¥3 slightly for a short duration of time. The lower
limit on the collector voltage is the voltage needed to sustain electrons
a1l approximately the scattering limited velocity during its entire
transit across the depleted collector region. For high-power appli-
cations, the optimum base-collector dc bias is such that the collector
can have 2 large avalanche multiplication factor and a large RF voltage
simultan=ocusly. If the dc bias is increased above the optimum value,

although tne current gain would be increased, the amplitude of the

will b+ decressed due to the upper limit set by

V.- If the dc bizs is decreased belov the optimum value, current gain

decreased snd possibl; the amplitude of the collec-

! sl3c decreare due o the lower limit set by the

in carriers ot the scattering limited veloc-
the avalanche multiplication feetor of &

from twc to ten rather than a million as
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n the emitter is not injecting

significan conduction current exists in the ccllector only when the

enitier-tise junction is forward biased. This is vwhy it is called s
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The CATT is a complicated device for several reasons.

seemingly simple avalanche multiplication proces

examplie, in avalanche photod diodes3? becomes much mo:

devices due to the large RF voltage swing. The CATT i

another reason. The avalanche multiplication generated

ck into the base region and constitute a neg

[
)
1]
o
g

base current component. This phenomenon results in

emitter current injection and betier use of the emiit

than for bipolar Junction transistors. If the feedback |

is iarge enocugh the polarity of the base current is
r phenomena vether than pinch-out phenomena in the i

- > * = s

gseour if the carrier multiplication

L]

large.

e

When the collector transit angle egusls

varriers are injected at or near the tige when

T
o o
1 it

voltage, if the space-charge effect is negligible;

plication process is, therefgre, almest independent

:;plitude. This is an essential condition

-

should alsc be pointed out that nonlineariiy in the
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V., » where ¥T is the average value of the base-golliectior &
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where ¥_. is the smplitude of the eollector BF voltage, iz the
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maximus induced collector current level and 8 is the phase difference

between the injected current puise and the collector RBF voltags, The

dec collector current level cin be found by averaging the induced current

jevel g= follows:
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FIG. 1.3 VOLTAGE AND CURRENT WAVEFORMS IN THE CATT DEVICE.
(a) BASE-COLLECTOR TERMINAL VOLTAGE AND (b) INDUCED
EXTERNAL CURRENT.
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where ch is the dc input power. The waveforrs of %’T and IT for BJT,

CATT und IMPATT devices are shown in Fig. 1.U. A negative ?Q ut

that BF power is being generated. Both the BJT and CATT devices are

impliss

operating in Class C configuration and t:.= load is a high-Q tank circuit -

, M"‘MM

whose resonant frequency is approximately equal to the signal fregquency.

The induced current waveform for the BJT is a short current pulse,

because its collector region is narrow. A narrow collector region also

B

i=plies that only a small HF wvoltage swing is allowed. From the induced
current waveforms, it is expected that the CATT efficiency will be lower

than that of the BJT due to the large transit angle requircpent, The

induced current waveforms of the CATT and IMPATT corresponding to "

various drift region transit angles are shown in Fig. 1.5 The maximme

o

aduced current level is assumed to be constant. For the CATT, 6, g is

x

ajvays given by

E

and Egs. 1.2 and 1.k become

]
T k4 % =
Ty’ AF 8 H
z . 2 . - s
fout T T = sin g {1.8}
N, = - - $1.%; E
For the I¥FATT, © iz given by




IC

8JT

CATT :

IMPATT

| i [ | -
0 /2 . 3/2 2% Se/2 :

FIS. 1.k COLLECTOR RF VOLTAGE AND INDUCED CURRENT WAVEFORMS

OF BJT, CATT AND IMPAST DEVICES.
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no =
1
@

inj s¢ ° (1.8)
where esc is the injection phase delay due to the space-charge effect.
If the space-charge effect is ignored, Gbc = 0 rad and Egs. 1.2 and

1.4 become

%
D - I’I‘m&x JRF (l
“out 2%

I

- cos GT) (1.9)

fe = 7 ) . (1.10)

Shown in Figs. 1.5 and 1.6 are plots of P 4t 8nd n_ as functions of 6
L

at different values of 8, ,. The quantities of P and n_ are normal-
in} out c

. . s a ——
ized in terms of IT VRF/“ and VRF/VTO’ respectively. Results indi

cate that the CATT Po and n, are higher than the IMPATT due to the

ut

fact that the induced current waveform of the CATT is always centered

at 8 = 270 degrees. It is also noticed that the CA1T 3-dB Pou and n.

t

bandwidths are wider than the IMPATT. As einj decreases due to the

space-charge effect, the IMPATT normalized Po and "o and their 3-dj

ut
bandwidths also decresse.

1.3 State of the Art of BJT and CATT Amplifiers

Electrical characteristics and performance of microwave power
transistors depend first on the operational mode, i.e., amplifier,
oscillator, and switching, and second on the operational class, gener-

ally Class C or A, in the amplifier and oscillator cases. On the other

-17-
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hand, fre~ - power performances are influenced through the packaging
conditioi. The transistor dynamic characteristics can be seriously
degraded through the package inductances and capacitances. Making
external input and output matching at microwave frequencies is extremely
difficult. The first attempt to eliminate this drawback was to reduce
these inductances and capacitances as much as possible. Two moxe
sophisticated solutions were developed recently. The first consists
of input and output matching within the transistor packaging, the sc-
called chip carriers; the second does away with the package and intro-
duces transistors directly in a microwave integrated circuit called
MIC.40s%: fThe first type is commercially available; the second is
currently under commercial development.

The bipolar power transistors have been developed primarily for
Class C applications, because in this class of operation both power and
efficiency attain their highest values. However, in recent years the
field of application of the BJT has been extended toc Class A, with a
view to reduce the nonlinearity and noise figures. The output power

of the Cless A BJT is alsc characterized by a large bandwidth and gain

by

flatness.

Tables 1.1 and 1.2 give the electrical characteristics of BJTs
for Class C amplifier and oscillator operation and the performance of
Class C BJT microwave power amplifiers.“? Similarly, Tables 1.3 and
1.4k give the electrical characteristics of BJTs in Class A amplifier
and oscillator modes and the perform.ances of Class A BJT microwave
pover amplifiers.*? The results in Tables 1,1 through 1.k represent

the state of the art in 1977. More recently, a Si pover BJT for use

=20~




Electirical Characteristics of Microwave Power Bipolar

Transistors {(Commercially Available) for Class C

Frequency Range (GHz)

1‘15.5

Collector-bese breakdown voltage, BVCEO (v) 35-70
Collector-emitier breakdown voltage
with shunted BE junciion,® BV,.. (V) 35-60
Collector-emitter breakdown voltage {with

! opened BE junction), BV . (V 15-%0
Emitter-base breakdown voltage, BV... (v) 2-k
Collector-emitter continuous voltage, V.o (v) 12-28°
Emitter metal finger average current density, _
Tonpn (A crm2) - 5 x 105 x 10°

Moo

»

I,

a. The shunting must be of sufficiently low resistance to limit the
rminority carrier injection as much as possible.

o e

b. For CW operation; in pulsed-wave operation, VEC is generally
increused, up to Lo V.

=21~
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Table 1.2

Electrical Performances of Microwave Power Bipolar

. Transistors, with or Without Internal Matching,

for Class C Amplifier Operation® (Teszner and Teszner2)

Frequency Range {GHz)

Amplifier transistor 1 2 L .2 k.5 6 8 10
chip

Output nower in CW
operation,b P

(W) outmax 35 59 5 1f 3@ 1® 158 190 gP :
= Amplifier power c

added efficiency, £ d e g h h

n {percent) 60 S50 30 33 Lo 25 36 2k 20

Power gain PG (dB) 10 10 5 7 A .58 .5t R

a. The data given up to 4 GHz concern commercially available transistors,
of both types, with or without internal matching.

© VD T Wy

b. In pulsed-wave operation, an output power level of 150 W {duty cycle
~ 1 percent) at 1 GHz with PG = 10 dB is obtained with commercially oo
available transistors (VCE being increased to L0 V).

c. The n values indicated here correspond to the Po hovwever, some

utmax;
higher values have been obtained for lower Pout; in particular, at

1 GHz, n goes up to 65 percent and at 2 GHz, up to 60 percent.
d. Internally matched devices.
e. Devices without intermal matching.
f. Experimental.

g. Experimental.

h. Experimental.
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Table 1.3
Electrical Characteristics of Microwave Power Bipolar Transistors
(Commercially Available) for Class A Amplifier and
Oscillator Operations (Teszner and Teszner®?)

Frequency Range (Glz)
b

Collector-base breakdown voltage, )
BY . (V) = ko

Collector-emitter breakdown voliage,

Ny

(W]

Emitter-base breakdown voltage, gsss )

Collector-emitter continuous voltage,

L EY
M\
il

Collector-emitter continucus current,
I.. (mA)

L]
ly
oy

For BY __ ¥ lues croximat Vs
a. For BV..., the valuss appro te B RO

DT e ———— R LR

m




Table 1.4
Electrical Performances of Microwave Power Bipolar
Transistors, Without Internal Matching, for

Class A” Amplifier (};)e.*.‘s:t.ionb (Teszner and Teszner“?)

Frequency Range (CHz)

1 2 3 L 6
Arplifier transistor chip
output power in CW operation,
P tmax (¥) 6 3 1.2 0.8 0.8
Amplifier power efficiency,
n {percent)¢ ~30 ~25 ~20 ~15 ~17
Power gain PG (4B)° 10 10 8 6 L

8.

Ce.

& linear amplifier operating in Class B or AB with active broadband
bias circuit has been developed in the laboratory. Compared with
Class A amplifiers it would provide for identical I/C (intermodulation
ratic) = - 20 dB, an efficiency ~ 2 times higher (15.5 vs. 8.5
percent) with PG = 10 dB, P, = 0.4 W at b GHz. This efficiency
ratio seems to be increased for lower I/C; thus it becomes ~ 5 for
I/C = - 30 4B, but with n decreasing to 12 and 2.2 percent,
respectively, and proportionately P, ... However, all the efficiencies
quoted remain low compared with the eificiencies of commercially
avoilable devices given above.

Vo

The data given up to L GHz apply to commercially available transistors.
The data given in the last column are for an experimental model,

under lsboratory development. In both cases the output power is
obtained at 1 dB gain compression.

The n and PG values correspond to ?ou .

-2k~
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at X-band nas been developed using e-beam and ion ix:z@p},.zznta.t:lcn.2‘5 The

BJT has a bar size of 0.5 x 1 ==% and consists of four 27.5 x 75 um?

cells. The combined cutputl power of four cells operating in

LY

iz neariy 2w C7 at 8 GHz and sirost 1.5 W CW

- e = - L e
Experimental data on CI

[A]

ss € CATT amplifiers is very limited.
are those by Yu et a1.27233 They demon-

ampiifier both theoretically and

experimentally from 0.5 to & GHzZ. An S-band CATT device with uan

-

emitter periphery to sctive base area ratio of 3.3 x 103 in-! achieved a

W and 28 percent power

o]
ooy
4]
2]
oy
[
funt
£
w

"
[

sed power output of 12
iz, The gain at this operating

iigher than its equivalent BJT transister. Experi-

&'E
ob
3]
L
1

sults indicate that the impedance levels and § values of the
CATT are favorable for impedance matching, power corbining and instan~

taneous bandwidth operation withk useful gain.

OQutline of the Present Study
Po-
The objective of this study is to investigate the theoretical
capability of Class C CATT amplifiers and to compare them with &JT
arplifiers. Analytical eguztions, ¢ircuit =odels and computer sirmula- g
tiocns are used to determine de, small-signal, and large-sigpal behavior. i

In Chapter II a computer program is developed which calculates the
dec avalanche multiplication factor as a function of collector structure,

ector dc biass and material parameters. Information concerning

b

:

optimur collector structure for large-signal operation and suitability

f varicus materials can be obtained.

L




In Chapter III analytical dc and small-signel models for CATT
devices are given. Computer solutions of the analytical models are
given and the results are discussed.

In Chapter IV a large-signal computer simulation is developed.
The simulation calculates the RF output power and efficiency and many
other parameters. Detailed descriptions of the numerical aigorithms
and the computer programs are given.

In Chapter V large-signal results are cobtained for z series
of X-btand CATT and BJT devices. The computer results for both devices
are given, discussed and compared.

In Chapter VI a summary of this study is given and suggesticons

for further work are described.

ol M 0

D 0 s 3
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CHAPTER II. MATERIAL PARAMETERS AND THE DC

AVALANCHE MULTIPLICATIOR FACTOR

2.1 Introduction

As mentioned previously, an ideal CATT device should have a dc
bias point at which both a significant avalanche multiplication factor
and a large RF voltage scross the base-collector terminal can result.
A simple computer program called AVALAN was developed which provides

information on the dc avalanche multiplication factor MA as a function
(]

of the dc base-collector terminal voltage V_ , the punch-through voltage
¥??’ the breakdown voltage %’B; the szgtaiain; voltage vsus and the
electric field (E) distribution in the collector depletion region. In this
chapter the material parsmeters, the avalanche multiplication factor and
the electric fieid distribution for devices of different materials and
various structures are given and comparisons are made. The effects of

device temperature and space charge are alsc described here.

2.2 Haterial Parameters

o

i 3 Z te M
The material parameters required to calculate “ﬁg, ?PT’ VB’ Vs“s
and E are as ag, £, zstsﬁ and s,s‘s?, wihere a and a? are the electron
and hole ionization rates, respectively, € is the dielectric permittiv-

ity, snd E;‘su3 and Es@ are the electric Tields regquired to sustain
n P

electrons and holes at iheir saturstion velocities. These values for S5i
and Gais are listed in Tebles 2.1 and 2.2. Shown in Fig. 2.1 is the dc

avalanche multiplication factors of two n-type 8i devices, where electrons

initiate the avsianche process. Figure 2.2 shows the dc avalanche

i
1

multiplication factors for two p-type 81 devices, where holes initiate the

-27-
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Teble 2.1

¥aterial Parameters for Si {e = 1.0477 z 10-12 Flen,

@ ]

i‘ 0 bl - -y
ws = 2 x10% V/enm, E s =6 x10% ¥en, a(g) =

n p
A exp [~ (b/E)] o=~ 1}

_ Holes - Electrons Electric
(-1 L., . ~1 . . Field
f,g {ﬁ } f? {?!CE} ﬁn {€§ ) On (a’/ca} j_k?/CQ) Reference
Is= C

2.25 x 107 3.26 x 10° 3.8 x 105 1.75 x 10°  200-500 iee et a1,%%
2 x10% 1.97 x 10° 200-530 Grant"3
5.6 x 10° 1.32 x 105 530-770
2.6 x 105 1.43 x 105 2pp-2ko
6.2 x 10° 1.08 x 105 2lko-53
5x10° 9.9 x16° 530-770
T = 200°C
1.0x107  3.2x105 1.8x105 1.6 x 105 200-500 Lee ot al.""
2 x10% 2.166 x 105 200-530 Crant™3
5.6 x 10° 1.516 x 10 530-770
2.6 x 10° 1.661 x 105 200-2ko
6.2 x 10° 1.311 x 105 2k4o-53
5 x10° 1.22) x 205 530770

Ionization Fates for Electrons and Holes

@ = (1/2) exp [(1L.50% - 1.17r + 3.9 x 107)22 + (kg2 crogsl) and
= 131.9r + 1.75 x 10 %)x -~ 757 + 75.5r - 1.92]

k4

vhere r = <£r>fci s X = ei}‘eéz » €. = 0.063 ev

<g g = u {e j/orT AJx
€r f"r tar: {Erfék;)= !6 £y

€, =1.5x [1.16 - 7.02 x 107" x T2/(T + 1108) ]

b 4

o o
A, = T6 a for electrons and A, = 4T A for holes .
~28-
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FIG. 2.1 DC AVALANCHE MULTIPLICATION FACTORS CORRESPONDING g
TO VARIOUS IONIZAT:ON RATES FOR ELECTRONS AND HOLES
AT 27°C FOR TO n-TYPE Si COLLECTOR STRUCTURES, WHERE

‘ ELECTRONS INITIATE THE AVALANCHE PROCESS. (UNIFORMLY

DOPED COLLECTOR STRUCTURES)




I
e e

: i
3 "'—‘; i
N, =3.75x10'® cm> Ne=5x10'> em™3 |
§ wT=8.75 XIO“" cm wT=5XlO-‘ cm
Q 102|— | | !
3 : —— CROWELL and :
= ] .
3 l sze*® l :
— B 44 ' z
& | === LEE et al. ’ ?
= | :
= | —=—6Rrant®? | I
Z 10~ I |
W ‘ H
= | :
4 | :
Z [ ;
I /
g !
8 /]
| 71 |

O 10 20 30 4(7)7 S50 60 70 80 90 100 NO
VOLTAGE ACROSS THE BASE-COLLECTOR TERMINAL, V

FIG. 2.2 DC AVALANCHE MULTIPLICATION FACTORS CORRESPONDING

TO VARIOUS IONIZATION RATES FOR ELECTRONS AND HOLES

AT 27°C FOR TWO p-TYPE Si COLLECTOR STRUCTURES, WHERE

AL D 5 P S 4

HOLES INITIATE THE AVALANCHE PROCESS. (UNIFORMLY DOPED
£ COLLECTOR STRUCTURES)

HW&W%WWMWWWW\ﬂﬂﬂuwumuuudﬂmmmmmw.mmuonu“«manwnmwmmxwnnmhn{mxmuwummmuuwnmw««mw .

G

i

I

b A

Co
-
I
- )
M
L e,
T




avalanche process. The ionization rates of electrons and holes used

are those reported by Grant,"3 Lee et al.,““ and Crowell and Sze.“5
Grant's ionization rates give the lowest breskdown values. Figure 2.3
shows the dec avalanche multiplication factors of two n-type GaAs devices
vhere electrons initiate the avalanche process. The ionization rates

used are those obtained by Hall and Leck,*® Stillman et al.*’ and Constant
et al.*8® The breakdown values obtained by using Hall and Leck's
ionization rates are lower. The impact avalanche ionization rates are
very important in determining the characteristics of CATT devices, but
there is some dispute about their precise values and electric field

dependence.

2.3 Dc Multiplication of Charge Carriers in n-Type and p-Type Si and

n-Type GaAs CATT Devices

2.3.1 Derivation of the Analytical Expression for the Dc

Avalanche Multiplication Factor of CATT Devices. An n-type CATT device

is shown in Fig, 2.4. The electron current InB represents the electron
carriers injected into the collector depletion region, which originated
from the forward-biased emitter-base Junction. While the electron
particle current is flowing in the positive x~-direction, the electronic
current is positive in the negative x-direction. The dc time-independent

continuity equations for electrons and holes in the collector depletion

region are
EJ--‘1--(<:;J +ad) =0 (2.1)
dx nn PP
and
dad
E—XP-+ (a d + apJp) =0 , (2.2)

L il
0
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FIG. 2.3 DC AVALARCHE MULTIPLICATION FACTORS CORRESPONDING

TO VARIOUS IONIZATION RATES FOR ELECTRONS AND HOLES

AT 200°C FOR TWO n-TYPE GaAs COLLECTOR STRUCTURES,

WHERE ELECTRONS INITIATE THE AVALARCHE PROCESS.
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2.

3.

5.
6.
1.
8.

l ‘J \/(B)xgo X ——> xng

-1 nE® Electron Particle Current Crossipg the Forward-Biased
Emitter-Base Junction

IpE’ Hole Particle Current Crossing the Forward-Biased

Emitter-Base Junction
- I g Component of - I uE vhich has Reached the Base Edge of
the Collector-Base Depletion Region

Component of - I oE Lost in the Base Region Due to Carrier
Reconbination

- IT’ Total Collector Particle Current
IpB’ Feedback Hole Current Due to Avalanche Multiplication

- Ic s Electron Reverse Saturation Current

ns
Ic , Hole Reverse Saturation Current

Ps
FIG. 2.4 SCHEMATIC OF THE ELECTRON AND HOLE PARTICLE CURRENT

DISTRIBUTIORS IN A RORMALLY BIASED n-TYPE CATT DEVICE.
(ELECTRON PARTICLE CURRENTS HAVE OPPOSITE SENSES OF
DIRECTION TO THAT OF ELECTRONIC CURRENTS)
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respectively. When Eqs. 2.1 and 2.2 are added, the result is

~

d
™ (Jn + Jp) = 0 (2.3)

which indicates that the total particle current JT is constant, indepen-

dent of the space coordinate x where JT 4 Jn + JP. The following

differential equation is obtained from Egs. 2.1 through 2.3:

whose solution is

x x!
) JT [0 cxp(x') (exp L} [ap(x") - cn(x“)] dx"} dx' + ¢

X
exp I {ap(x’) - an(x’)] ax'
o
(2.4)

where the constant ¢ is determined by imposing the proper boundary

conditions. The boundary conditions are

= +
Jn(O) J J

e nB )
ns
and
Jw) = J .
p T cps

vhere Jc and Jc are the collector reverse saturation currents. By
ns PS

using Eqs. 2.3 and 2.4 and the boundary conditions, the following

W1\h\Mi\m\u‘mnhﬁh’uh\M»‘Mnmw‘wwnomwmv It @A s b Bl v

bl
{

it

i

|

expression can be obtained:

Lt




W,

T
J. exgsf (a ~a )dx+J _+J
5 - - Chg o P ni nB c
T r"}c x ]
ex a - dx - {x') - 1 U
P E ( p a ) | ap(exp L {ap x') - a (x')] ax jdx

ns

m
-

wiiich can be further reduced to

W

T
J exp[ (a_-a )dx+J_+J
cps 0 ol n nB cns’

w3
-

e
[
1}

T x
i- L a {ex;; L {a?(x‘} - an(x')]ax'}&x (2.5)

]

3 by using the relation

X

x
-5% exp L flx') ax' = {exp Lf{x'} dx'}[f(x}] .

When the emitter-base Junction is forward biased, the relation

Y
g > Jcps expL iap - aﬂ) dx

is true for any base-ccllector reverse bias voltage up to a value signif-

icantly above the breakdown value. Therefore, Eq. 2.5 can be reduced
16
I = M (g + 2.6
'ET ﬁ “—vnE ‘}{: } ;2 (-— 5}
54 ns

"




v o= 1 (2.7)
i w X ‘ ;
[¢] T ;
A , ) .
1-1] a jexp la{ ) = a (x')]dx'|dx
bl ()0
v
The expression in Eq. 2.7 is used to cziculate the carrier multipli-

cation and the breakdown voltage when the avalanche process is initia-

ved by electrons as in n-type LATT devices.
¥or p-type CATT devices, where the avalanche process is

initiated by holes, express_.ons for J? and %A can be similarly !
2] . -

l
L

derived and they are

dp T My G+, ) (2.8)

E and
A w x :
o 1 T { ; ’
1- k} ajexp 1 {a (x') - a \x'}} dx'}dx ; :
i
H
2.3.2 Dc Avalanche Multiplicaticn Factor vs. V Characteristics :
] in p-Type and p-Type Si and n-Type GaAs CATT Devices. A distinction i
de avalanche multiplication factor vs. the base- :
3 voltage characteristic which depends on the amount
. svalanche process., This distinction is made clear
H by investigating three cases of n-type Si (ATT devices, The first one
§
= g 1o £n

for the case where the ionization coefficients @, and u_ are

- assigned realistic values. The second cne is where the hole ionization

I

W




coefficient up is assigned to be equal to ti.e electron ionization
coefficient as and the third one is where the hole ionization coeffi~
ecient a§ is set to zero. In p-type Si CATT devices, the second and
third cases are when a is assigned to be equal to ap and when a is
set to zero, respectively. For n-type devices, where in reality

a > up, the second case represents a situation where the positive
feesdback in the avalanche process is artificially increased, and the
dc avalancihe multiplication rises more rapidly with increasing bias
voltage. In this case, to achieve significant carrier multiplication,
the bias voltage must be set very close to the breakdown value vwhich,
on the other hand, would severely limit the allowed RF voltage
amplitude VRF‘ For p-type Si devices, the second case represents a
situstion where the positive feedback in the avalanche process is

artificially reduced since up < o, in reality and “A rises slower
()

with increasing bias voltage. The third case represents a situation,

for both n-type and p-type devices, where there is no positive feed-

i

back in the avalanche process, and multiplicaticn occurs during a

A ot o

single transit of the high field region. The multiplication factor

E-Sk rises siowest in the third case in vhich, theoretically, the
O

breskdown voltage is infinite. The various cases described previously
are depicted in Figs. 2.5 and 2.6.

When the realistic ionization coefficients formulated by
Crowell and Sze are used for Si and those by Hall and Leck are used

for Gads, xﬁ vs. VT characteristics of several CATT devices whose
(4]

collector regions are uniformly doped at various impurity levels are

displayed in Figs. 2.7 through 2.9. The width of the collector regions .
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FIG. 2.9 M, VS. V, CHARACTERISTICS OF n-TYPE CaAs CATT DEVICES
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ol >

< . . -1 s sin AR A . s

jn all cases is b x 10  cm and the CATT devices in Figs. 2.7 through
- ] e E & - _ T e ~ _

2.7 are at 27°C. The breakdown voltage of each device can be approx-

imately defined to be the ?é value at which ¥, resaches 100. The

o

optirus load for a Class C CATT amplifier is a high-Q t & eircuit

L
L3
"

whose resonant frequency is tuned at the signa® fregquency. Injection
of a sharp pulse of charge vhich iraverses across the depleted

collector region would result in an induced current waveform and an

vl

L

RF voltage s’,i, wvaveform as shown in Fig. 2.10. It is observed that
at 8 = 27G degrees, V., is minimm and the sharp pulse of charge is
3

iscated spatially near the midpeint of the collector region. An esti-

L

mation of the allowed minimum V. of a uniformly doped coliector

structure is ?sz:s by definition and its value® 1

V. _ = -i v  El0) , (2.10)
sus £ ¥___ -
3% =

where

v. = EO)/(en /o

Sus
and
X
E0) = Zw —=+E__ -

when ?E, eguais the

The electric field profile at 8 =

W,

minimes allowed value ¥ is shown iz Fig. The valus of ¥

sus

% For AI-15 collector structures, the appropriate exgressions for
calculating ?swz are given in Section 2.3.3.




FIG. 2.10 INJECTED CURRENT, INDUCED CURRENT, TERMINAL VOLTAGE

AND POSITION OF INJECTED CHARGE PULSE VS. PHASE, AND

-45-

ELECTRIC FIELD PROFILE AT PHASE = 3u/2 AND WHEN VT =
IN A UNIFORMLY DOPED COLLECTOR REGION.
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for each device is also indicated in Figs. 2.7 through 2.9. Voltages
VB and Vsus rougnly represent the upper and lower limits on VT' It

is clear from the MA vs. V& characteristics that n-type CATT devices
o]
are more suitable for making high gain Class C amplifiers. For p-type

Si devices, although their breakdown values are slightly higher than
those of similarly structured n-type Si devices, their dc bias must
be set much closer to the breakdown value in order to achieve signifi-
cant carrier multiplication which severely reduces the allowed amp-
litude of VT. Another disadvantage of p-type devices is their higher

vsus which agein would limit the RF voltage amplitude. For n~-type

GaAs devices, 2lthough their vsus are slightly lower than those of

similarly structured n-type Si devices, their gA vs. VT characteris-
G

tics are such that the dc bias must be set closer to the breakdown

values.

Bgcause”ﬁf'i€;’§;§orable MA vs. V@ characteristic and the

s o

M_‘v-c-’-r- o

_— advanced Si technology, the investigation of Class C CATT esmplifiers

was concentrated mainly on n-type Si devices. Xt should be noted that

T gy

il

thus far space-charge effects were ignored in determining the ﬂA VS, g .
o

VT characteristic, VB‘ vsus and electric field profile. These effects
will be examined briefly in Section 2.3.4%. It should also be men-
tioned that the VB determined from the ”A vs, V& characteristic is

(o]
higher than the actual VB because the effect of the base-collector

Junction curvature®?,30 on Vg is ignored.

2.3.3 Effects of Collector Structure QE-MA vs. VT Character-
o ——
istic of n-Type Si CATT Devices. In this section, the effects of

changing the doping density Nav in the high doping region of HI-LO

~l6-

I3

g, |




collector structures, the effect of changing the doping density N arift
in the drift region, and the effects of changing the length Y of the

drift region on the dc M

Ao vs. VT characteristic, VB and Vsus are studied.

In actual large-signal operation, Vtr can be significantly higher than

VB and slightly lower than vsus’ but the voltages VB and vsus
serve as 8 guide for the upper and lower limits of VT. The large-

can

signal power gain, to the first—order approximation, is prbportional

to the product of MA and VRF’ where VRF is the amplitude of the RF
s}

base~collector terminal voltage, and its value is dependent on both

the MA

V5. VT characteristic and the base~collecto: de bias.
o

The

dc bias is chosen to maximize the product of MA and VRF but it must
o
not be lower than VP'I‘ in order to avoid large collector resistance

due to the undepleted high-resistivity collector regicn.

Vs us® the minimum V_, allcwed, for HI-LO collector structures is

given by
sus 2 av av 2 av v ’
sus ;
; -
where
el
- arift T
Bw, ) = ———x |3 wav} +E_ . o
eﬂav
EQ) = e wav * E(wav)
; £
i
and %
w_.) xe/(eN ) %
W, = Ew . »
Vous av drift ]
§
<47~ %
A |

\WWWM




The doping profile and the electric field profile at a phase angle =
3n/2 and Vp = Vg,¢ 8re shown in Fig. 2.11.

The space-charge effect and the effect of the base-collector
Junction curvature are ignored. All devices are operated at 270°C,

2.3.3a Effects of Different Doping Densities N . It

can be seen from Fig. 2.12 and the data in Table 2.3 that V__ varies

RF
with V. . , the base-collector dc bias. At optimum V,. , devices with
bias bias
higher Nav have lower VRF’ but M, is higher for devices with higher

A

Nav‘ The device with Nav =2 Xx 1816 cm™3 appears to be most suitable
for making a high RF power gain amplifier s’'nce it has the highest

3A -VRF product. Moreover, the optimum dc bias is lower for devices
wizh higher Nav which means lower dc power d”ssipation in the collector
region at equal de¢ collector current densities. When Nav eguals

3 « 1016 eo~3 or higher, is even higher than VB.

Vpr
When the space-charge effect is incorporated intc the analysis,

as is done in Section 2.3.%4, g& decreases significantly with incress-

(o]

ing dc collector current density while VB and VRF increase. There-

fore, the optimum V, and N _ will be different from the values
bias av

extracted from Fig. 2.12.

2.3.3b Effects of Different Doping Densities Nj . . -

Ndrift have higher VPT and Vsus and lower VB. Therefore, higher H_ ..

implies lower V... From the data in Table 2.4, the optimume ¥V, .,  for
RF

[+
i
i
"

a device with Ny, =5 x 10!% ¢m~3 appears toc be only slightly below
Vg At vbias =65V, Vo is only 2 V but ﬁﬁo is approximately 60 and

the MAO-VRF product is higher than that corresponding to lower gbiag'

~48-
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Table 2.3

e s s sl i e A . - )

Vop and M, at Different Dc Biases (Extracted from Fig. 2.12)
)

Devices: n-Type, Si, v,=1x 107 em =2 x 1015 em 3,

» Narire
= -4 = 570 .
VD 3 x 10 cmy, T = 27°C and Different Nav

R s T5x 1015 op3

a
Vosas (V) Vep (V) k *n, * Vrr

28.7 13.7 1.0 13.7

50 35 1.1 38.5

55 ko 1.15 k6

60 % 1.23 by, 3 .
70 26 1.59 k1.3
80 16 2.45 39.3

90 6 6.2 37.2




Tabl

g —
av 2 x 1016 -

38.3
40 13.7 N
42,5 15.4 3' > V1.3
X e h.g 60.1
& 0 6‘75 59.3
52.5 5 b 6o
2.5 N ‘o
52.5
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Vgus=22.9 V

DC AVALANCHE MULTIPLICATION FACTOR
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FIG. 2.13 DEPENDENCE OF !lA vs. VT CHARACTERISTIC ON
(]

Nyripe (n-TYPE, Si, K =2 x 1016 cm3,
- -4 = &
"av-lxm cm, v, 3 x 107" cm AND

T = 23°C)
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Table 2.k

Data V.. and M, at Different Dc Biases (Extracted from Fig. 2.13)

R A
o
Devices: n-Type, Si, K =2x 1016 o3, Ve S1X 167* enm,
= W = i
vy 3x10" em, T = 27°C and Different H'}ri e

1 -3
=5
51 1rt Sx10°" om




il

In real situations, the space-charge effect drastically reduces HA at
[+

is significantly below %’B. From

the better.

3 4 o 2 . 1r
high "bias values and the optimum Yoias

the data in Table 2.4, it appears that the lover R it
This is true in real situations only if the space-charge density does
not exceed the ccllector impurity level significantly. Otherwvise, the
spatial direction of increasing electric field reverses.

2.3.3c Effects of Different Drift Regior Widths. The

effects of increasing the drift region width can be seen from the §€A
o

vs. V'I' characteristic in Fig. 2.1L and the data in Table 2.5. Longer

collectors have higher breakdown values, but ??f and ¥sus are aisoc

higher. A device with vy = 7.5 x 10~* m has the largest Vop- Although

the device with v =1 x 19~3 = has the smallest Vop because of its

much larger H& s it has the highest !li -’é‘?}, product. The aforementioned
“o o

space-charge effect will change this result. The drift region vidth

which corresponds to the highest Kg -VRF product in real situations
o

is shorter than 1 x 10~3 cm. In actual large-signal operation, the

carrier multiplication factor is not only dependent on ¥b‘as but is

also dependent on V., and the injection angie 8 whick is dependent

"F inj
on w and vp- The amplifier efficiency, maximum RF power output and

RF
alone, The large-signal operation of Class C CATT amplifiers is

RFpowergainmotbemderstacﬁintemcf?bi&s,si and V,
]

discussed in detail in Chapters IV and V.

2.3.4 Temperature and Space-Charge Effects in n-Type Si CAIT

Devices. The effect of device temperature®5°%® can be seen from

Fig. 2.15. The ionization rates of electrons and holes decrease with
increasiag temperature and therefore the breakdown voltage increases

with increasing temperature.

- I

sl g
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Table 2.5 (Cont.)

=5x10 " en

Yp

k2
60
65
0
8o
95

150
155
160
165

27
s

52
k2

1.0

1.0

1.0

1.12

1.5

3.2
15

l.12
1.17

ks
50
52

ko.5
38.4

67.7
L.k
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The effect of space charge9’51 on MA can be seen from Fig. 2.16.
o

The upper limit on de collector current density is dependent on Nav and
Ndrift' The electric field profile in a typical HI-LO collector is

depicted in Fig. 2.17. As JT increases while VT is held constant,
de

. - v 3 .

L(wav) decreases. If the space-charge density is higher than ﬁdrift’
. . igh . z 3 J =
n(wT) is higher than E(wav) If Nav is very high, E(wav) at mdc 0
is low and it does not teke a srace-charge density much higner than

Hapigg b0 force E(wav) below E_ . If Ny .. is very low, the electric

<

field in the region C = x = hav decreases rapidly with increasing

JT while V_ is held constant, therefore, MA decreases rapidiy with
de . o

increasing J,, . Moreover, the sign of dE/dx is reversed at lower JT
£ -
de de

which means that E(wT} is higher " han E(wav). The condition thut no

significant carrier multiplication occurs near x = wT is vioclated at

lower JT for devices with lower Hd . A situation could arise

de
where the collector region nesr x = 0 becomes undepleted before E(VT)

rift

[N

s sufficiently high to cause significant carrier generation. This
collecto. current induced neutral region will effectively increase
the effective nzutral base region width and the base transport factor

will decrease. This case is shown in Fig. 2.17 and corresponds to

J =
dc Iy -

w3

he aforementioned space-charge effects have been demon-~
strated by applyiug AVALAN on various collector structures at different

de collector current densities.

This chapter contained the ionization rates of electrons and
holes in Si and GmAas and comparisons of the dc avalanche multip.ication
factor vs. VT characteristics of n-iype and p-type Si and n-type Zahs

CATT devices. n-type 51 devices are found to have the most suitable

60~
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t»%g vs. ?‘1‘ etaracteristics for making high-gain CATT amplifiers.. The
e
effecis of collector structura: parameters, i.e., Hav’ Ndrift and ¥p

oL .%g vs, VT characteristics,were investigated and the effects of

[l

(%4
!

emperature and space charge were discussed.
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CHAFTER III. DEVICE PHYSICS, DC AND SMALL-SIGNAL ANALYTICAL MODELS

3.1 Introduction

Thiz chapler presents a discussion of the physics of CATT

1]

o

devices, a dc analytic model and a small-signal one. For the de
device mcdel, the analytiecal expression for the avalanche multiplication !
Tactor, which was derived in Chapter 11, is employed in describing the

4]

current multirlization phenomenon. The effects of high-level

1v

Chapter IV. The dc space-

included. The space-charge

effects are 4ifferent under RF operating conditions and they are

H considered In detall in Tnapter IV. The electric field in the
collector depletion region is assumed to be sufficient to sustain the

e

carrier saturation velocity everywhere, The small-signal analytical

lvi
pie

model iz derived from a [first-.order Taylior series expansion of dc

quantities and ejuations about their quiescent values and the lineari-
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general, produces

coupled nonlinear ordinary 4ifferential equations "n phasor spues for

[T

the small-signal variables of interest: particle concentrations,
particle currents, terminal voltages, ete, The small-signal analytical
model does not only include the current multiplication phenomenon, but
50 the transit-time effect associated with the base-collector deple-
iion region. The common-base y-parameters are derived and the
unilateral power gain, maximum freguency of osecillation, operating

power gain, transducer power gain, optimum source and load terminations,

-6k <




Linvill stability factor, and bandwidth are calculated., A brief

L¥PATT

discussion of the possibility of operating CATT devices as IMPA

diodes with variable equivalent thermally generated current is given

3.2.1 Carrier Concentration in BJT and CATT Devices. Th

s

free base region of a uniformly doped BJT or CATT structure under low-

st presented by Shockley? in the classic paper

Leory still sorves as the foundation for all present-day theories of
Lipolar junction transistor operation including high-level injeciion,

Tield-aided base transport, the Webster effect and Hirk effecis. A

o

lb

ne-dimensional uniformly doped npn structure is shown in ¥i
The rdnority carrier bcundary conditions at the base edge of ihe

enmitier-base depletion regiocn and at the base edge ¢f the base-collector

depletion region first introduced by Shockley are

{5 = ) v i3 1)
ma?) n exp (e-EB/kT) {2.1)
and
niw) = n exp (- eVT/kT) . (3.2}
3

1v, under normal biac conditions, where VEB is the emitter-

[
'41

sase terminal voltage and no is the thermal equilibrium concentrazion.
Arpiication of these exypressions for the minority carrier boundary
T and CATT devices with the emitter-base Juncticn

uch that nlw ) ~> no, the collector-base Junction
2

sweh that n(u } << n , 2and with a base width greater ihan

-65-
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several Debye lengths 32 yields a satisfactory description of carrier
transport in the base region under low-level injection. The modifica-
tion required in Eq. 3.1 under high-level injection is discussed in
Chapter IV, If the boundary condition required for the analysis of the
F collector region is the minority carrier current density, Egs. 3.1 and
3.2 are adequa*=. If the collector boundary condition required is the
minority carrier density, Eq. 3.2 is not appropriate. Tne requirement
that the minority carrier concentration at the base edge of the base-
collector depletion region be less than the thermal equilibrium
concentration, independent of the minority carrier current demsity,

is disconcerting at best. An expression for the minority carrier

concentration at the base edge of the base-collector depletion region,
which would result in s smooth tramsition from diffusion transport to
drift transport that the electrons must undergo in traversing the field-
free base region to the high-field base-collector de, tion region, is
given in Chapter IV. For the dc and small-signal analytical models,

the collector boundary condition reguired is the minority carrier

; current density. The case where the base width becomes comparable to
a Debye length has been investigated by McCleer, 52 put it

is of Lo concern in the modeling of CATT devices.

] If a constant base-doping concentration and a low-level emitter
injection are assumed, transport of minority carriers in the field-
free base region can be described by diffusion alone and the de

electron current density is

J = eb ——=— , (3.3)
Rac n &
-6T=
M -
AR i e H
. " e - - S — o nee o =




L e

low-Tiel

governs the

0o = ¢ i 3.%)
T e dy *
n
where T is the electron lifetime. By substituting Eg. 3.3 into Eq. 3.k,
& second-order, constant coefficient, hormogensocus ordinary differential

~{y-w )/L {y-w }/L
—_ 2 B - i n
-=n_ = &#Ae + 2 & -

shere L = Y0 1 = the electron diffusion length in the base region.

E;,
L3
:
g
&
o
&
[N
tx

; can be determined from the boundary conditions

given by Egs. 3.1 and 3.2, Once ndc{g} is found, the electron carrier

current is determined from 2q. 3.3. At y = vg end w , the dc electron
3
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S
InS = I (v ) =
i 3
H de de =
4 A"
w
b3
_ £ < %
- - 352 coth |7 s (3.6}
SRy ’
E 3 =
where A, is the amitter area, w, = v -w ,
_ _ i i 7 PURY 4
= { N 13.7)
2 /v v
o
2 (2;:
T ¥B T len ’ 2.8
K4 - i

¥y is the metallurgical base width, ¥_ and H, zre the emitter and base
H 5
o

doping levels, VEB is the dv emitter-base terminal voltage and yBI is
o
the built-in potential at the proper junction. Inder normul bias

conditions the followin

m
' T
w
[v]
ey
b
Y
tl]
3
34
&8
L1}

an = } - .§§§ (309) .
-.c = h
and
el iﬁ ; w ‘iz
. z |, I
1, = | -n_Jeser 7511 . (3.10)
“de v In

The hole current crossing each Junciion must be cslculated in order to
find the total current. inlike the electron current which links both

emitter and collector Junctions, the hole currents link only one

Junction because the base hole current can easily enter or leave




the base region owing to the chmic contuct to the external terminal.
The dc hole current at y = - vl can be found from Eq. 3.5 by changing

all the electron parameters to the corresponding hole parameters in the

appropriate regions and by taking the limit of the resulting expression

in the limit as VB + », The result is !

1
eD

cw) = —RE[p (-w) -
» Ipdc( “ ) I [pgd-v) -p,1 (3.11) ‘|

ie»

I

where Bp = the low-field hole diffusion constant, Lp = the hole diffusion

T

A 0
Pl

length, P, = the hole thermal equilibrium concentration, and

i
e oty (0 N 0 0 300

w Fg"} ] . (3.12) !
R

The total dc emitter particle current is given by

JO——

< n
oo

eD W,
= == {ndc(wz} - ns} coth .Lé + e—zLAE [

. p.lev)~-p1]1 . |
(3.13) -

If vy << L, Bq. 3.13 can be further reduced to
"‘Edc = vy {ndc(wz) - nO} + -LLp {pdc("’l) - pO} . (3.14) , i

T

A very important circuit parameter is the short-circuit de
current gain from emitter to collector and it can be written as the

product of three parameters as follows:

=
=
=
=
z
=
=
£
s
=
=
=
=
=
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I, 1 1Y (1
4 ‘de _ nEdc} ancl Tdc 1
a = = . (3.15)
o T T I, T | |Ts
‘de “de de de

The first factor is the injection efficiency cin 3 which gives the
fraction of the total emitter current which is made up of the electron
carriers. Under normal bias conditions, the dc injection efficiency can

be calculated by the following expression:

%ny DY (L X e - (3.16)
o n A . B
“@HQWH
n P * n

The second factor is the base transport factor which is given by the

foilowing expression:

Y8
o = sgech |—] . (3.17)
t L
c {=n
The most accurate two-term expression for ut is
(]
2
W,
- 1 B .
o = 1-3931% . (3.i8)
o n

The third factor is the collector avalanche multiplication factor. For

o

Liim

3

I

t is essentiglly egual to unity. Feor CATT devices, it is given

[
¥

by Eg. 2.7. For convenience, Eq. 2.7 is stated again as follows:

1

gi T x
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o

A good microwave BJT or CATT must, first of =211, be a good de

"

BJT or CATT, From the expressions for a.rﬁ and a s the design
o o
uirements on the emitter and base regions can be deduced.

»

I

3.2.2 Base Spreading Resistance. The cross section of a singie-

Hy

mitter strip in an interdigitated device structure is shown in Fiz. 3.2.

The base sprexzding resistance can be calculated by usi

®
i
]
g
[
q

e o g ) 1 ,
% {12x, o & 2x, o, i) nurber of emitter-base finger pairs °*
"1 2

where the device structursl parameters are defined in Fig, 3.2 end the

conductivity of the uniformly doped base %y is

g = ep §¥, .
B Mot

The variation in R_ due to base region conductivity modulation, which
=

-

3

is caused by high concentrations of electron and hols carrisrs at

Y 'y

redius or high-level injection, and base region width =odulstion,

which is caused by the Early effeci,g has been ignored in the daviee

13
8
e
g

3.2.3 Dc Computer Model. is snoun in

=]

Fig. 3.3a. The particie o t I, flowing in the diade is give
E &

=,
de

Wotn 1
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electron-hole pairs are created.- Electrons, emitter injJected and
avalanche created, will drift toward the collector contact. Holes,
mainly avalanche created, will be transported into the base region and
therefore constitute a negative recombination current component.28°5%
They reduce the base current which must be supplied externally. If
the avalanche multiplication factor is large enough, the polarity of
the base current actually reverses because the avalanche multiplication
process in the collector depletion region is providing more holes to
the base than are necessary to support recombination in the base and
emitter.

The common-base configuration is chosen because the consequences
of this avalanche multiplication are straightforward in such an

operation. The collector particle current simply equsls the product

of 1 and ¥, . Current IE is the parameter of the common-base
2Be A ac
collector characteristics and it is dependent only on vEB s the dc
o

emitter-base terminal voltage. Therefore the common-base characteristics
reflect primarily a direct avalanche contribution to the collector
current. The consequences of avalanche multiplication are more
complicated and subtle vhen the transistor is operating in the common-

emitter configuration since base current IB is the paramseter of the
de }
collector characteristics. The avalanche multiplication factor is

dependent on V., , I and I are dependent on I and M, , and
0 dec T&é “Bac "‘o
IB is the difference between the VEB ~dependent recombination current
de O
and I _ . Therefore, points ona I, vs. V., (constant )
PBdc Tdc To IBdc
characteristic curve may correspond to different values of I nB and
de

such a characteristic curve does not reflect directly the avalanche

contribution to the collector curreat.
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Figure 3.3b shows the block diagram cof the computer program DCCP

which produces the common-base dc collector characteristics. The results

of computer program DCCP are given and discussed in Section 3.4,

3.3 Small-Sigral Analytical HModel

To consider the general ac case, the general one-dimensicnal time-

dependent electron continuity equation must be solved:

3d n-n
an 1 n [+ .
4 - =2 2 . (3.20)
4% e 3,{ EII
The following is cbtained using Eqs. 3.3 and 3.20
?n 1 1_ 3n
=~ = {(n - ns) = 35 g—‘f s {(3.21)
ay?2 LE n o
n
and the solution of Zg. 3.21 is of the fellowing form:
3 F4 i,jfdt
n{y,t} = ny ( v} + n (yle {3.22)

when the sources ars zinuscidal vith freguency =. The first ferm on
the right-hand side corresponds to the dc soluticn., The second term
iz the ac variation and is in the form of a product of two terms., This

is a Trequently used method of solving particl differential eguations

It iz assumed in Eg. 3.22 that the mincrity carrier concentration varies
at of the driving sources.

e following two sguations

dn n, -n
Tde dec fo _ :
€ . 2 = g £3.23)
- s i HE S
dy< L=
n

Ll

y

A

o

IR

"

|
W !

(Y]

)




d?n 14 Jut }
- I
— —{n = 0 . {3.2L)
dy< S B : d
{ gﬁ i . -
H
The boundary condition in Eg. 3.1 is quite general and is not resiricted .
i
voltage is
the nminority
> junction is :
N o5 B _ fs 1 UG £
= e +a e T . (3.25}

the de value and the :
second term is the ac value. ZEquation 3.25 is valid provided that .
N b-71:14
1y H i T
" 1 ,Eg i bt 4 e s {jo?ﬁ}
; 1
1 same as that for the do electron
sclution can te obtained from the ;
ome simple transformations. The ac :




2 I ¥ Jot L + 3
I et - Z DﬂfE— i xV_ ey (v ) ecseh ———/1 2 v
nB KT I BB ac'¥, T B

(3.28)

under normal bias conditions. The depletion region boundaries w2 and

w3 are determined by Egs. 3.7 and 3.8 with v@ and V, set at their

respective dc values. The hole cuwrrent at y = - ﬁl is given by

2 AT 00
1 ejwt - e BPA:E_. . + J"SE v ejmt (~w j (3.29)
PE KT L, B Pac'™ ¥y’ - )

Jut is the time-dependent electron current injected

Physically, I nBl e
into the base~-collector depletion region. The expressions which
approximate the physies in the collector region under small-signal
conditions are derived next. Finally, the small-signal y-parameters
of the common-base configuration are derived.

Most of the carrier generation due to avalanche multiplication

occurs in a narrow high-field portion of the collector region, which is

3w

3

named the generation region, whose width is Vov' The remsinder of the

collector region is the drift region whose width is w,. The basic

NS b .,
]

D
device equations in the generation region are

E _ € ot - - 1
I, = evgn (3.31)

Jp = evp , (3.32)
. aJ
. o _ 1 _n
3 = 52 uvs(n + p) (3.33)




e
Sy 1 L‘f&

o
& \‘w‘

s

gyt
\lwmlIIumllulllwmuwmmwwwuuwmuwuwwmwmwmmw%mwmwmw et

3 1 J
2 -2 Lravla+p) , (3.34)

where r;xn = up = g and Vi = vps = vs are assumed., The convention for
the direction of particle flow and electric field for n~type CATT devices
is shown in Fig. 3.%. The addition of Egs. 3.33 and 3.34, substitution

of Egs. 3.31 and 3.32 and integrztion fromx =0 to x = Yov yields

"'av d‘}g “av vav
A - f, - + 2J 3
v & ,;f? ’ﬁ}g g I a dx

0
where ég is the total corduction current in the generation region.

With boundary conditions

Jnié,t} = .}‘nB{t} +J°ns (3.35)
and
JI}{?g?;t} = Jcps R (3.36)

the preceding eguation becomes

, 213 (¢) +3 +3 7
a3 _(t) 2 v {nB c c}
'%*’?EH Toeax-afe e,
- g Vo g
{3.37)

where T 4 vavas. With the smali-signal assumptions

a = a +a'E_ e s
< £
1

J = g *Jd ejﬁt .
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E = E_+g et
4 £ 4
o 1
and
- . LJut
Jnﬁ = “na, * '}ng < ’
de 1
he following can be obtained from Eg. 3.37
4. +J + -}‘c
niE c
de ns
0= - £, (3.38)
de 1 _I av a  dx
[}
4]
the dc egquation, and
Yav
4 '{ a* E dx + Jng
Sde /0 By 1
Iy = ” - . (3.39)
1 1- f Wa oax+ jE
; o 2

the so egquation, where the second-snd higher-order terss are neglected.

If the collector has a Eead-type structure and negligible space-charge
effect, both £ and E_ are constants. Eguation 3.3k becomes
g, &z
(5 )
5 gf { -;}Eg *393
act'g RS %1 1
J_ = - . (3.50)
4 1 o1
! gtz
E- 3
o

where ¥, = 1/(1 - aéva?}. By using the analytical expression for the
E: Y
)
jonization rate

[l




. . o _ ‘ . 7
Ie.
k- Eq. 3.40 can be written as
o =
4
1 P :
L 1 [ 4
‘[}ni!‘a\rﬁ) - ln{l - i;}]
) (a3 +J +J ){g -1 o E +3
ngiic ns cps Ag .‘ b g}f 1{31
1 wyY }
T
{gg < i
o :
(3.51)

Equation 3.4l gives the current density at the interface between the
generation region and the drift region.

IT & saturated drift velocity ’fs and zero carrier generation in

the drift region are assumed, the ac conduction current density
% {x) e¥* in the drift region propagates as an unattenuated waye at

1
this drift velccity

~Julz-w_)/v
3, (x) = 3, e s (3.k2)
1 1

vy,

where the sxponential term represents the phase delay. The induced
ac collector terminal current density is

[ "w»

h = ;-[?: .
?! L Jﬁix}ﬂx

e . {3.%3)
1]
z
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The voltage across the base-collector terminal is VT = VT +
o
The ac electric field

‘s’? ej”t, where V‘I‘ is the ac voltage component.
1 1
is constant throughout the collector regicn if the space-charge effects

of ng and JD are ignored (see Fig. 3.5). The ac electric field in
1
the generation region is

Vo
E = ;‘l . (3.k%)
& -

By combining Egs. 3.41, 3.43 and 3.4k, the following expression for

I,F can be derived:

2
. 1
1 » In(w 3}-10{1--——) ;
( | \[ - L
J +J o+ ¥ -1} ; ]
| 'mBge  Tens s LA, " ) b, v :
Ip = Wt T
A
1 O
D _y(e./2)
sin =~ -3(e_/2 ,
r—21 : 2 e D, (3.5)
wT_ nB P
—1—-;}3—5 1 D
M 2 —
iﬁ 2

e preceding expression is a more complete description of the small-

signal device physics than the formulation of Winstanley and Carrol®P®

A R g Mo i 1o

and it is very similar to the expression derived by Quang3’

=
=

except that gﬁ is assumed to be infinity in the latter case. The total
o

ac collector terminal current is given by

zﬁ} = IT: + ,;wt:c\rTi . (3.46) =

[I"RE

vhere C_ = €A /v,. The small-signal device model is given in Fig. 3.6a

and the small-signal circuit model is given in Fig. 3.6b. The circuit

g
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e

element CTE is the emitter-base transition region capacitance and its

value is

s (3.47)

where w1 and w2 are calculated by using Egs. 3.7 and 3.12. If I1 and

Iz, the total ac emitter current and the total ac collector current, are

written as

I =y V +y ¥ (3.48)
1 Yiha 12 b

and

I =y V +y V
2 y"xa 22 b

o

(3.49)

where I1 ) and V1 . are ac voltages across the terminals, then using
3 ]

Egs. 3.27 through 3.29 and Eqs. 3.45 and 3.46 yields the following
expressions:

Ie 1+ Jut tanh (wB/Ln)

= & | _dc JIF ot
Yu - kT wb Jwt + Ip‘r'} 1+ Jm‘p * 3mCTE ?
n de
tanh T )
n (3.50)
= 0 , (3.51)

—— B
InE Yl + jmtn tanh (;:n)

e
sin =2 -J(SD/2)

v = _ & de 1 2
21 kT B ( ¥ 3wtn 1 wT 8
sinh o+ ) — -—
L M 2 2
n Ab

(3.52)
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If y-parameters are defined as

and

it can be shown that

11

12

21

and

¥y
22

%
Sin§— -J(OD/Q)
* — e + JuC_ . (3.53)
SD c
2
I =3 7V +3 ¥
1 3‘ru 1 ylz 2 (3.54)
I =3 7V +y 7V .
2 yz: 1 22 2 (3.55)

= ITvRe 7 . ’ (3.56)
nB(yn Y y?_z?
- (RBynyzz : (3.57)
1+ + + ’ .
E: 1" yzz)
= yz% N RBy11y22 (3 58)
1+ + " .
"8 TR PYI yzz)
- (‘1“(* R 115, (3.59)
1+ 3 + + ¢ .
gy 1 T 1"’227
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The input and output admittances, expressed in terms of ?ij‘ are
¥y ¥
= 12721 . ]
Yoo = Gty =¥ -Foay (3.60)
in in in 1 +Y
11 yzz L
and
y.. ¥
= - 21 \
= + = - 2 2l 3.
Yout Gout JBout yzz yll + Yg ’ (3.61)

where YL and Ys are the load and the source admittances, respectively.
By using the derived y-parameters, many small-signal device performance
capabilities can be calculated.

The passivity condition5s is given as follows:

¢
kv

0 .62
311 s (3 )

(A"

ogt

0 * (3063)
22

B. & -E - 0 (3.64)
gllg?.z GIZEZI
and
I S L (3.65)
+DP b - = 0 3.65
8185 TP 4 i
where gij and siJ are the real and imaginary parts of 5’5.3‘ If any of

+hese conditions are violated, the device is active instead of passive.

The passivity condition in Eq. 3.6k can be written as

1-U = 0 ,

W

o i




ST Tl T

i T

] Wiy |
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21 12
U = - o . (3.66)
Lz -
'glzgzz nggZI)

[(RY

o

. i < <
0 and g O and 0 = U= 1, the device is passive. IT

22
U > 1, the device is active. The quantity U is a measure of the degree

Thus, if g
11

of activity. The maximum frequency of oscillation Wax is defined as

) =1 . (3.67)

i#,.7..1
- 12 21 — . (3.68)
28 &g E E +b b
11 22 12 21 12 21

]
1

when 1 < 5 < = or when S < {0, the device is potentially unstable, that
is, oscillation can occur for certain selected passive terminations.
When 0 < S < 1, the device is inherently stable, that is, no passive
terminations can cause oscillation without suitable external feedback.
When S = 1, the device is critically stable (see Fig. 3.7 for the

definitions of various powers). The operating power gain is

2
. - ?out _ 7 lgzzi Gy, _ . (3.69)
D £ ] { ¥ ¥ }
= +Y 2 R __.12_23._
!-{22 LI € ?11 yg?_ + YL

where Re is the real part of any complex number and GL = Re(YL}. Ir
the amplifier is inherently stable, the maximum operating gain is

achieved when the load is

- 1 - - i 7
k T - R - .70
e % Moz & - %l 3 VF-T 3, 17 (3.70)
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and

22 22 H] (3071)

where Im is the imaginary part of any complex number., Substitution of

Egs. 3.70 and 3.7l into Eq. 3.60 yields the input admittance Yin with

YL = YL . In order to deliver maximum power to the device the input
opt
admittance must be the conjugate of the source admittance; therefore,

vhen Y  is given by

1 B
G = RelY P 28 & =Rel¥ ¥ !2 -IF ¥ 12
Sopt ( S) 22 { 11 22 ( 12 21} l 12 23’

(3.72)

and

In(®,.7.,)
B, = ——%’y—z‘— -5, (3.73)
opt 22 1

maximum powver as well as maximum operating power gain are achieved.

The optimum terminations for a CATT amplifier are usually obtained

by adjusting the values of the components in the matching networks.

N

Ease of tunability, or alignability, depends on fractional change in

input admittance compared to the fractional chmﬁg@.i in lcad admittance

.

and on the fructional change in output admittance compared to the
fractional change in source admittance. When the fractional changes in
input and output admittances are small, it is not necessary to alternate
zany times between input and output tuning to achieve the desired

condition of operation. In terms of the J-parameters, the input

T -91-
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tunability is given by

5 inn/Yin’ l“;"12“"’;21| !YL—I ( L)
= — — — . 3.7
ay_ /Yy + Y + Y ) -3
L/ L ’ lyzz 1l !?ll(yzz L) fIZyZII

Tuning is easier as § is made smaller. In order to achieve good

tunability, the load admittance may be ci:iosen such that 1 >> ¥y _in

£

order to make § < 0.3. Then Eq. 3.TL4 becomes

l
= A2zl )
5 T TTRT T (3.75)

The output power varies with frequency partly because the device
parameters are frequency dependent but primarily because the conditions
for a conjugate match at the input and output ports may nct be cbtained
except at the design-center frequency fo. The amplifier bandwidth can
be approximated under certain conditions from the inherent bandwidth

BW at either port given byss

2f G
. [ Sﬁ t i )
BW = ]—B————f— (3.76)
S
opt
for the input circuit, and by
. 2f°5L° t )
nw;ut = E——f— {(3.77)
Lopt

for the output circuit. Inherent bandwidth is the name given to the
bandwidth that is obtained in the conjugate matching situation where
the optimum terminations are determined only by the device parameters.

It often happens that Bﬂ;n >> BW‘; ut and in such cases the overall
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amplifier bandwidth is determined by the output circuit. Bandwidths

e ———
M)

are inversely proportional to B, and BS. Therefore, the input or output
i

bandwidth can be decreased below the inherent bandwidth by adding shunt

capacitances C, or CS across the input and output terminals without

iF

. affecting the optimum termination conductances. Maximum operating
power gain is stili achieved. When an inherent bandwidth is too small
for a particular application, the bandwidth can be increased by raising
the termination conductances. This means that azdditional shunt resistance
‘ can be connected across the input or output terminals. The power gain
is decreased when the bandwidth is increased.
When the transistor parameters are such that potential instability
occurs, & certain output load causes the input conductance to be zero

or negative and the power gain to be infinite. A mismatching technique

can ve used to ensure the stability of the amplifier circuitry.

3.4 Dc and Small-Signal Results

Typical common-base characteristics of CATT devices are shown in

Figs. 3.8 through 3.10. Carrier multiplication is evident from the

cormon-base characteristics. Figures 3.8 through 3.10 represent three

i

CATT devices with different doping densities in the avalanche multipli-

cation region. The effects of ﬁav are observed in the different rates

of increase in J‘T as a function of V., , different breakdown voltages
de o

- : and different punch-through voltages. The effects of Ya.v’ H arift an

VB on the common-base characteristics can also be investigated by

applying the computer program DCCP,

d

It can be inferred from Figs. 3.8 through 3.10 that common-base

biased CATT devices can be employed to product current amplification,

and the device in Fig. 3.8 is suitable for such applications. The dc

P e
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base-collector bias should be set close to the breakdown voltage as
long as the thermal limitation is not exceeded and the load resistor

is smll (see Fig. 3.8). For applications in voltage amplifications,

the device in Fig. 3.2 is more suitable. In fact, a device with a

lightly doped, uniform collector structure has even greater capability

for voltage amplification. The dc base-collectior bias should be set
close to the breakdown voltage in Class C operation and set close to

(1/2M(v + ?ii_} in Class A operation. The upper and lower limits of

[l

?,g are 3 and =§F, respectively. It is assumed that a punched-through

oY nearly punched-through collector is a required operating condition.

The ioad resistor is large. For applications in power amplification,
the device in Fig. 3.10 is rore suitable where both a large current

rmultiplication and large %’3? can result with proper de bias and load

resistor applied.

A computer program SSCP was written whick is capable of
determining the small-signal common-base y-parameters of CATT amplifiers.
Tyrical U vs. freguency and maximm operating power gain vs. fregquency

plots are shown in Pigs. 3.11 through 3.14. The guantity U is plotted

> £ 23 - -
over the freguency range in which U = 0., Hote that %he device can still

be active even if Y < 0O as Iong as either g < Gor g < 0. Haximus
11 2z

operating power gain is displayed cver the entirs fregquency range in which

the device is capsble of power amplification.

From Figs. 3.11 through 3.1% it iz cbserved thet the maximm

operating power gzain at % > 1 is mucn lower than ithe maximm operating
*A
povwer gain at M, = 1, but the gain at ¥, > 1 is ccastant over a very

:)l
m#*

<

wide range of fregusncjes. If Vo = 0.8 ¥, avalanche multiplication
EE

will increase 7 _.,» the maximum frequency st vhich an operating power
-97-
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gain greater than unity occurs. From Figs. 3.11 and 3.12 it is
observed that at frequencies higher than fx’ avalanche multiplication

also increases the operating power gain. IF VEB > 0.8 vV, fmax
o
decreases with increasing MA and the operating power gain at MA >1
o 0
is smaller than the operating power gain at M, = 1 throughout the entire

A
o

active frequency range. The effects of VEB on fmax and the operating
)

power gain are illustrated in Fig. 3.15. Highest fma.x at MA =5 is

o
achieved when VEB = 0.7 V. Highest operating power gain at MA =5 is
o < o
achieved when VEBO 0.8 V. When VEBO = 0.7V, fmax is severely limited

>
by a large value of the emitter space-charge resistance. When VEB =
o

0.85 Vv, fmax and operating power gein are reduced due to large values of

Jd nB. * From Eq. 3.45, there are two components in JT +« One component

de 1
represents the carriers contained in J nB undergoing constant avalanche
1
multiplication which is determined by VT . The second component, which
o
is
1 2
AE(JnB *I, td, ](HA - l} ln(’"a.vM - 11:[1 - :‘:i——}
de ns Ps [+ Ao
WY
A —E
{M +33 }(‘bw,r)
A
[+
b
sin 3= -3(8312)
. v,
8. °© I
2 1
2
represents the carriers corresponding to J 1B + Jc + Jc undergoing
dc ns PS

nonconstant avalanche multiplication which depends on the instantaneous

VT + VT e'jwti The second current component is
o 1

responsible for the decreases in fmax and the operating power gain as

voltage VT =




1 bl

T T

POWER GAIN, dB

FREQUENCY, Hz

FIG. 3.15 MAXIMUM OPERATING POWER GAIN VS. FREQUENCY.

S e N, 8 o
L]

(v, =14 4 =
e x 10 umon-s)
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MA incresases.

If the second current component is artificially forced
[+]

to vanish, the corresponding maximum operating power gain and U are

displayed in Figs. 3.16 and 3.17. Note that the power gain and fm

at MA = x are always less or equal to operating power gain and fmax
o

at MA =y, if x < y. Figure 3.18 shows that for a given value of ¥,
o (]

higher

‘?EB , up to 0.8 V, implies higher fmax and higher operating power

gain. For VEB > 0,8 V, maximum cperating power gain coincides with
o

that corresponding to V =0.8V.

EB
o

the results obtained by artificially setting the second current component

Comparison of previous resulis and

to zero indicates that, for the most part, avalanche multiplication of
carriers in CATT amplifiers, when operating in Class A, works toward

reducing the operating power gain. The situation is that the value of

vEB must not be too small, otherwise, the emitter space-charge resistance
o
will severely reduce f and the operating power gain and if the value

of VEB is large, the second current component will dominate which has
c

been shown to degrade the operating power gain. From the expression

for IT s the phase difference betveen \"? and the second current compenent
1

1
equals (8_/2) + tan‘l(sn:q%sﬁ /2}. If - »/2 < phase difference < =/2, energy
iF =4
o

is being dissipated. The situation in Class A operation at low freguency
is depicted in Fig. 3.19. It is assumed that the load is a high-Q
tank circuit whose resonant freguency eguals the emitter-base input

signal frequency. Notice that the amplitude of the first current

component, when V_ is large, is less

w3

than the value given by £q. 3.45.

o

The reason for this iz that when an is maximum, 2? is ninimum angd the
\ T

carrier rultiplication is at iis minimmm. When :*r’-‘ is minimum, V,

b

iizz

1
is maximuos and the carrier muitiplication is at its maximgu This

=10k~

e
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situstion can be seen by following the load line in Fig. 3.10. Fronm

the phase relationship betiween %-’,? and the second current component,

1
is clear that the second current component corresponds toC energy

dissipation, therefore, it reduces the operating power gzin. The
usefuiness of carrier multiplicstion and long transit region can be
operaticn, assuming a proper lcad is applied
across the base-collector terminal and the width of the charge pulse
is much less than = rad. The Class C operation of CAIT amplifiers
Chapter I and the large-signal simulation
:ults are discussed in detail in Chapter IV,

3.5 Operation of g CATT as an IMPATT with Varisble Equivalent Thermally

Zenerated Current

There has been considerable interest in the operation of an
IMPATT diode with an externslly controllable equivalent thermally
generated current. Sanderson and Jordan®® discussed the operation of

an IMPATT zcted upon by an electron beam. The electron-beam-produced

"

current is subject to multiplication in the same way as the flow of

[y

actually thermally generated carriers. The sum of the electron-beam~

produced current and the current due to thermally genersted carriers is,

by definition, the equivalent thermally generated current. Sanderson

v

and Jordan derived small-signal IMPATT expressions which theorstically
predict that an appreciable change in the IMPATT resonant frequency
can be induced by varying the electron-beam intensity. Results suggest

that fregquency modulation of the IMPATT oscillator can be implemented

LMD s . ok

by this method. Forrest and Seeds>? and others have studied the

i

controlling of microwave IMPATT oscillators with an optical signai.

-109-
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The use of an electron beam or an optical signal on an IMPATT
is equivalent to the situation where the base collector of & CAIT is
operated as an IMPATT vhere the emitter and base simply act as an
externally controlled thermal current source. The expressions derived
by Sanderson and Jordan can simply be obtained from Egs. 3.37 by

allowing!éA +wcndJnB(t) -'=JnB .
() de

3.6 Conclusions

In this chapter analytical expressions required for dc and ac
small-signal CATT device models have been derived. A simple computer
program, DCCP, has been written which can generate the common-base
characteristics of various CAIT devices at minimal cost. Another
computer program, SSCP, has been developed which can find the device
small-signal y-parameters, unilateral gain, maximum operating power gain,
optimm load, inherent input and output bandwidth, Linvill stability
factor, amplifier tunability, and the maximum frequency of oscillation.
The output results of SSCP indicate that under certain restricted

operating conditions i‘m increases with increasing HAG and the

operating power gain at xk > 1 is higher than the operating pover gain

at HA = 1 for frequenciﬁghigher than a critical value f:. However,

for rzequencies lover than fx, the operating power gain at %i =11is

always much higher than the operating pover gain at 3‘!& > 1. Q’}"ne cause
o

for the gain reduction wvas determined to be the component of Jfg due
to V,i,!-dependent multiplication of those carriers comspanéinglto J “gac.
This component of JT represents energy dissipation. Computational
results of SSCP and II)CCP indicate that Class A operation is not very

suitable for CATT amplifiers.

-110-
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CHAPTER IV. LARGE-SIGNAL COMPUTER MODEL

4.1 Introduction

In this chapter a large-signal computer simulation is developed
vhich is hybrid in the sense that the emitter and base regions are
rodeled by lumped, nonlinear and tims-varying circuit elements whose
values are determined by a set of analytical expressions while the
collector region is medeled by employing the difference-eguations
version of the semiconductor differentizl egquations. The analytisl
exprezsions for the circuit elements of the lumpcd-circuit model for
the emitter and base regions are derived. The numerical wmethods used
to zsolve the difference scquations are modified versionas of techniqies
which have evolved in the Electron Physics Laboratory in the past
decade.38~62 petailed descriptions of the numerical algorithms,

computer programs, and cogputer output are also given.

k.2 Development of Device Simulation

4.2,1 Geperal Description. Figure 3.1 shows the depletion

regions of & normally viased CATT device and it= circuit model is shown
in Fig. k.1. The emitter-base region of the CATT device Is vepresented
by three nonlinear circui! elements similar to thuse in BITs: 1 diode
in vhich the particle current is injected across the forvard-biased
emitter-base junction whose magnitude depends on the enitter-base
Junction voltage ¥§§3’ & %’gaé-ég?ez;éem depletion capacitance C__,

TE

and g V__ ~dependent diffusion capacitance "Jg;, Resistor ?‘3 is the

‘;-:33

equivalent base region spreading resistance. The collector regiom is

o

represented by a camacitor Se and a dependent current source I?. The

-111-
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FIG. k.1 CIRCUIT MODEL FOR A CATT AMPLIFIER IN TEE

COMMON-BASE CONFIGURATION.
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capacitor Cc is the collector depletion capacitsnce and the dependent

current source IT represents the induced current whose value depends

on the amount of charge injected into the depleted collector regicn from

the neutral base region and the magnitude of carrier multiplication.

is assumed that the drift region is always completely or nearly

completely depleted. therwise a V ~

T dependent resistor must be added

in series with the collector circuit representation depicted in Fig. 4.1.

The remainder of this section is devoted to detailed derivation and

physical interpretation of each element of the device model.

L.2.2 Emitter-Base Circuit Model and Computer Program EBCP.

In the bulk of the base region, the space-charge neutrality condition

always holds. Thus in the base region of n-type CATT devices,

n(y) + NA(y) -ply) = 0o . (4.1)

An important observation about current in n-type CATT devices is that
there is s negligible flow of holes (majority carriers) in most of the

base region between the emitter-base and base-~collector metallurgical

Junctions in the reverse direction. This is true under all bias

conditions because there can be only a vanishingly small flow of holes

from either n-region. The following expressions cau be written for

hole current in the longitudinal dimension y and the electric field:

a
J = 0 = E(y) - e 22
p e P (y) b ay

and

By) = 222, (b.2)

e o
e N
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where p, the concentration of holes in the bulk base region, is related
to n and N, through Eg. 4.1, In a uniformly doped base region, the
electric field is negligible at low injection levels, that is, when the
concentration of minority carriers is much lower than the base region
impurity doping concentration. Therefore, the emitter-base junction
voltage VEBJ EB’

injection levels, the electron concentration is significantly higher

equals the emitter-base terminal voltags V At high

than its thermal equilibrium concentration and the electric field in the
bulk base region can no longer be ignored. A portion of the emitter-

base terminal voltage appears across the neutral base region such that

VEBJ is less than VEB:

w

3
Vepy = vEB-L E(y) dy .
2

By substituting the expression in Eq. 4.2 into the precedinz relation,

VEBJ can be expressed as follows:

. (4,3)

By using Eq. 4.3; the charge neutrality condition at y = wz; and the

Junction law, n(w ) = nc(w ) exp (EVEBJ/RT)’ the following expression
2 2

for VEBJ is derived:
2
V. = v -ELqnid . /1 + inj exp (eVgy/kt)) 1}, 1)
EBJ EB ¢ 2 1

2
Ny

where ni is the intrinsic carrier concentration. In order to be

~11k-




assured that Eq. U.4 is valid st any injection level, it is necessary
to prove first that the junction law is valid at any injection level.
Figure 4.2 shows the space-charge distribution and the voltage

bo- distribution ¢(y) in the depletion region of a p-n step junction where

a voltage - V is applied to the n-region. In the SP&Ce€_charge region

of a p-n Junction there is a large field strength E and a large carrier

: density gradient. 1In the current density equation for holes,

a
J = eypE-eop 2B
p HpP Pdy °

the current density Jp is the difference between two large opposing

currents so that IJpl << eupp{El and ‘Jp] << er]dp/dy] for most of the

space~charge region. Hence s good approximation is

- ey p dv _ eD d . 0

p° dy Pdy
or 3
ply) = p(wz) exp [~ ev(y)/kT] (4.5) N
H
for - w = ¥y = ¥ . Similarly, for electrons the following is obtained :
2
e[V = V. = ¥(y)]
n(y) = n(-v ) exp |- —EL—20 } (5.6)
1
’ <
for - w =

y 2 w2 where VBI is the Jjunction built-in potential. Here

it is assumed that the quasi-Fermi levels for electrons and holes are

A e LR T

I

w——— s

constant in the depletion region. By using Egqs. 4.1, 4.5 and 4.6, the

following expressions are obtained:
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FIG. 4.2 (a) SPACE~CHARGE DISTRIBUTION IN A p-n STEP JUNCTION

ARD (b) VOLTAGE DISTRIBUTION IN A p-n JUNCTION; A
VOLTAGE - V IS APPLIED TG THE n-REGION.

VBI IS THE
JURCTION BUILT-IN POTENTIAL.
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N.B + B2
plew ) = A D (4.7)
1 1 - BZ
NEB+H
| n(-w) = 2B | (4.8)
; 1 1 - BZ
N + N.B
A D
plw ) = —=—— (4.9)
2 1 = BZ
and
%zABI? + N
n{w ) = , (4k.10)
2 1 - B2
where

B = exp [~ e(VBI - ?EBJ)/kT] .

Based on the facts that in n~type CATT devices ND >> HA and B is generally

much less than one, Egs. 4.8 and 4.10 can be reduced to

n(- vl) = N :

[

n(w ) N.B :
2 b i

no(wz) exp (evElekT) (k.11)

and they are always valid regardless of the injection level.

On the

other hand, Egqs. 4.7 and 4.9 are reduced to

R s s bt s

———————
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p- wl) NAB ¢

p (- wl) exp (eVEBJ/kT)

and

p(wz) = N,

if NA/ND >> B, which is the low injection level condition. When the
injection level is no longer restricted to low injection levels, hole

concentrations at y = - wl and wz are given by
p(- wl) = {po(- wl) + no(vz) exp [~ e(Vy, - VEBJ)/kT}}
- exp(eVEBJ/kT)

and

p(wz) = HA + n(wz) .

It has been shown that the junction law for electrons is always valid

in an n-type CATT device in which N >> N, and therefore Eq. L.y is

valid at any injection level. -
It has been shown that, except at low injection levels, there

iz a finite voltage drop in the bulk base region and there exists a

finite electric field. This electric field aids the flow of minority

carriers in the bulk base region. An effective diffusion constant can

be defined which includes the effect of the drift field. The expression

for the electron current density is

1
,
Lz




T~ T

— =

Substituting the relation in Eq. 4.2 into the preceding expression yields

. _ n Q
Jn = eDn[l+NA+n}®, ’

and when it is evaluated at y = w , the result is
2

\
eD {

. = nl, 1

JnE W {* + N

) - no(wa){exp (evEBj/kT) -1] ,
ng(wz) exp (eVEBJ /kT)

where

At low injection levels, the expression for JnE is

eD
J_. = —-g-né(wz){exp (EVEBIKT) -1] ,

nk w
B

and at very high injection levels the expression for J . becomes

nE
EeBn
I = v nc(wz) exp (eVElekT} .
The following can then be written:
cAy?
nEFF 5
1 = ———=—[n{w)-n(v)] (4.12)
nkE v 2 o 5 d
where
_ 1
Digrr = Pt t ] .
1+ =4
nl{w )
2
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Depletion region widths wl, w? and v can be calculated by
using the following analytical expressions:

2 ) ﬂA 1”2
w; = (eRD}[

1
- (4.13)
N +N : ’
A Dj ﬁJBI - VEBJ
1/2
v o= E:;}{N Nf ::} (4.14)
A VA b #EBI - VEBJ
and
EE('H’B )
= - [2]
Y, T "gD N,
where V¥

(L.15)
EBj is calculated by using Eq. 4.4 and E(UB ) is provided by
Section k.2.3.

o
the collector simulation computer program CCP which is discussed in

The Early effect3 of base width modulation is included
in this device model through Eqs. L.1% and L.15.

An expression for the emitter particle current, which is wvalid
at any injection level, can be obtained from Eq. 3.1k by replacing
D, n(vz), pl{~ wl), Veg» and v with the appropriate expressions that
o
have been derived in this section. The emitter particle current is
given by
D D
i, = eny|-BEE [nw ) - n (v )]+ 2R (p(-v) - p(-v)]| , (5.26)
o 2 W, 1 o 1
B E
where
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]
ol
Gw
L

(=)

and

E':EE = eria'dl = eﬁﬁwz .

- -{1/2) 7
(Vay - Vgy) . {L.17)

The daisplacerment current through CTE is Im and is given by

| Ry W,
CTE = dVy,, dt

av
- EBj
N CTE dat

av
EB - !
= Cp 3t - {4.18) ‘

The emitter-base diffusion capacitance C__ is associated with the storage

CE
of zunority carriers in the bulk base region. If straight-line minority
carrier distribution and a{ws) = 0 are assumed, the total minority

carrier charge stored in the neutral base region is
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I P
Qg = QeAEanG{wz) exp (eVEB‘};kT) »

and the current associated with C is

DE
49y
o = T
i dQ  av,
Ay, at
Yo
= Cpr T3 (L.19)
where
d
Cor = ajg
EBj
w2
e B ,
= =1 _ —, {L.20)
ET "nE 2D .

In reality n{vs} cannot be zero®3 because nonzero electron current
density exists at y = v3. Because of nonzero n{wa), an additionsal
charge will be stored in the base. Kirk>! showed that the fluctuation
of this stored charge in response to the input signal will introduce an
additional time delsy, approximately equal to ?ijas’ vhere Vs is the

8

(0

electron saturated velocity. There is another time delay which

associated with emitter heavy doping. Until recently®* 66 it had been

assumed that the emitter should be as heavily doped as possible in
order to ensure a high emitter injJection efficiency. However, high

doping vill lead to the formation of band-edge tails and impurity level
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broadening8“?67 into an impurity band. DeMan®* introduced a

doping-dependent intrinsic carrier concentration n. to account for the

A

i
effect of heavy doping on the classical expressions for the electrical
parameters. The validity of this approach was later verified

theoretically.55°67 {ynder heavy doping conditions the hole current

density injected into the emitter from the base is given by®8

&

2
P Plpa & B, & &
i

The holes experience an additional drift force proportional to the
derivative of the change of the valence band edge. Therefore an

additional component of hole current flowing from the base into the

emitter of an n~type CATT device is introduced, Additional holes

stored in the emitter cause an emitter delay time given by

, 2
1 W, =W Nt y R
.1 (7 1 _1 b ;
T, = —-801 o —Ri} [ "‘""anfbf &y
0 0 "pi

here 8 = { / ) i 3
vhere 8 tDnHDVEO,%ﬁgBG}. Therefore, microwave CATT devices are

designed to have narrow emitter junction depths not only to reduce

the emitter capacitance and the emitter sidewall capacitance, but also
to reduce 1. Henderson and Scarbrough®? considered the specisl case

of flat arsenic and boron concentrations in the emitter region.

this case %’D

In
and n, are both constant and therefore T is given by

;
L)

E

=

2

B 2

, o ]
T = - =
€ 2pg? £
po 2

£

%

=

=123 =

=




By including the two additional time delays, an effective diffusion

capacitance can be defined as follows:

e wg v’é Véo }
C_.. = &1 + + . (.21)
DEFF ~ kT nE(2.W3D . " v 20 g ]

The base spreading resistance is calculated by using Eq. 3.15
and for comvenience it is stated again below:

o é | 1 s
b3 = + » =
Ry (12143 o5t oyt) number of emitter-base finger pairs
1

2

where the device structure is defined in Fig. 3.2. Base region
conductivity modulation due to electron and hcle carriers and the base
region width modulation due to the Early effect are ignored in Eg. 3.19
although these effects can easily be included in the analysis.
The computer progran for the emitter-base region EBCP solves the
circuit model in Fig. L4.3. It is assumed that vsig’ Ry, and Ic, the
total collector current, are known qumatities vhere the current Ic is
provided by the collector computer program CCP. Kirchhoff's voltage
law demands .

av
. 1r z + &1 ﬁg
Voig(t) = Veglt) - Ry|T(Veg) + [Cop(Vep) + CpplVpg))

- Ic(t) = 0 .
This equation can be written as

dVEB(t) _ 1 ;"1“ v
at eﬁ@gs) + CDEIVQ}[EB s

ig(t) - vgg(t}}

+1I, - IE(VE} , (h.22)
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FIG. h.3 EQUIVALENT CIRCUIT FOR THE
EMITTER-BASE REGION.
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which is the differential equation to be solved numerically by the
computer program EBCP, This differential equation iz & [irst-order

ordinary differential equation of the fore

= g(t‘!r)

218

and can be solved by the fourth-order Runge-Xutta method:

r{t +at) = f(¢] + -ﬁ-z- (k +2x +2k +k)} , {L.23}
hd 1 Fd 3 5
whers kl = glt,r{t)],
k2 = glt + (at/2), 1) + xlt::gz.la)},
xs = git + (at/2), f{t) + szat/.?)} and
k" = git + at, £(t) + kgﬁt}.
The assumption that Ee&) is a known quantity, at this point, appears

artificial because Ec is known to be dependent on the electron particle
current injected into the ccllecisr region which is dependent on %’E,
and .;EB is the unknown guantity being numerically evaluated. This
apparent dilemma is resolved in Section k.2.k.

L.2.3 Collector Region Large-Signal Modei and the Collector
Sirulation Subroutine CCP.

k.2.3a Eguations to be Solved and the Simulation Technique.

The collector simulation subroutine CCP consists of tuc parts: a

large-signal simulation subprogram LSSP and a collector circuit cosputer

subprograsm CCCP. The iteration scheme is illustrated in Fig. 4.k, When
P _ 3 - b 4

CCP is ealled intoc operation, ‘%{3, 3&, vbias’ z, and cc are kaown

guantities vhere

i

Y3 = Voias * Upr - LRy (k.2k)
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FIG. L.4 THE COLLECTOR ITERATION SCHEME. (a) Ip IS
CALCULATED BY USING LSSP WITH Vi, KNOWE AND
(v) I,o AND V., ARE CALCULATED, WITH Vogs Ips

Cc AND ZL KNOWN, BY USING CCCP.
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and

W

- = -]
JnB = base transport factor x JnR = sech Ln X JnE . (k4.25)
The collector depletion capacitance12 is given by
Cc = |c, + ﬁ;_:_R;;T C, (number of emitter-base finger pairc)
(k.26)
where
. s
2xB ch
2
Rb - W
[ s
b 12xB GBZ
1
Ci = 3—-w£
T
and
c, = % .
T

The definitions of the device geometrical parameters are included in
Fig. 3.2. The computer subprogram LSSP is used to calculate JT, with
VT and JnB as known quantities, The computer subprogram CCCP is used
to calculate V_, Jec and Jé with VCB’ JT
Figure 4.5 shows the block diagram of collector simulation subroutine

N Cc and ZL as given quantities,

CCP, The assumption that VCB and JnB are known quantities appears

-128-

bivatt




- — "ﬁ\ . ) ) - o
B2 v, - Yes ] Iaisiize Tlet e viel
o
vall 1382 Over Use
5 Yoltage Cysie
fucuate 5,
{x @ G,t) wme ‘s i
LA A
£ L, TT
P %o .
! )
Tes
Call 20CP Jver Ja 3y Crele ;
I )
Calentats v,
oo Wb
L A L A
e
|
Are
'rr L] Yrg -y
erﬂ . t,fth 2
I, e,
A T, " %y - 3
#
Call L3P Ower Ope 2
I Teltage Crele fé
é i
Colculaty vee Hz e 0,81 wnt J'.
.
' "
Tos
Curulstet 5, Srer e Lo
* Clzweel mavy,
X t
FIG. k.5 BLOCK DIAGRAM OF LARGE-SIGNAL SUBROUTINE CCP.
5 4 -129-
N
£
- me e = = = = R o TR - - -




artificial because VCB and JnB are Jc dependent and Jc is the quantity

being numerically calculated. This dilemma is resolved in Section 4.2.h.

4,2.3b Subprogram LSSP. The subroutine program LSSP is

based on a device simulation program developed at the Electron Physics
Laboratory written from the point of view of computational efficiency

by Bauhahn and Hadded.®2 The subprogram LSSP obtains a spatially one-
dimensional solution of the continuity equations, Poisson's equation, and
the current expressions obtained from a first-order solution of the
Boltzmann transport equation. Figure 4.6 presents the basic flow of

the simulation. If the electric field, carrier concentrations, V_, and

T

JT are known at a particular time t, Fig. 4.6 illustrates how the

electric field, carrier concentrations, VT and JT at t + At are obtained.
Note that currents are defined to be positive in the direction of the
electric field. The simulation is voltage driven, therefore VT(t + At)
must be given. As shown in Fig. 4.6, the first step is to solve the
continuity equations and obtain p(t + At) and n(t + At) where G is the
generation rate (c-s~-em?) and x is the one-dimensional spatial
coordinate (cm). Carrier concentrations at t + At can be obtained
because the derivatives of p and n with respect to time in the finite-
difference approximations include p(t + At) and n(t + At) terms. The
second step is using Poisson's equation to obtain E(t + At) to within

a constant of integrastion. This constant is determined by requiring that
the integral of the electric field across the collector region equals
the base-ccllector voltage VT at + + At. At this point, the carrier
concentrations and the electrie field at t + At are known. In Step 3
the carrier velocities at t + At are determined since the electric field

et t + At is known where v*s ns are the saturated hole and electron
3
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s ~ aJ (x’t)
1. ese = G[E(x,t)] —-2———31‘ (A)
3T _(x,t)
an n'"?
vl G{E(x,t)] + ™ (B)
+
yields p(t + At) , =n(t + at) .
+
2. | ¢ 2B+ at) ';XM = elp(x,t + at) - n(x,t + 8t) - K, (x)]
¥
subject to: VT(t +At) = f E(t + At) ax
0
] +
yields E(t + At)
+
3. vp'n(t + At,x) = "ps,ns{* - exp [-E(x,t + At)up’n/vps’ns]}
+
H - {
yields tp'n\t + At ,x)

+

L, JP(X,t + At) ep(x,t + At)vp(x,t + At) - er ngta; At)

I (x,t + at) en(x,t + At)v (x,t + At) + €D 3n,sta; At)

Jétmt} =1 rT[J (t +4at) +J (t+4at)] ax
¥rlg P "
—
yields J  (x,t + %)
L 4

5. ] G[E(x,t + at)] = A,p exp [-bp/E(x,t+At)][Jp(x,t + At)]

+ A, exp [-b /E(x,t + 88) ]| (x,t + at)|

AR » s+ »

FIG. 4.6 EQUATIONS SOLVED AND SEQUENCE OF STEPS.
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velocities (em-s™1) and Moo are the hole and electron low-field
k]

mobilities (em-V l-s~1), respectively. Step I shows the expressions

used to calculate the current densities at t + At where Jp are the

L]

hole and electron current densities and JT is the collector terminal
particle current density which is found by integrating the particle
current densities throughout the collector region. It should be pointed
cut that JT is not the total collector current density because it does
not include the displacement current, which must be supplied externally.

Tne total current density at any point x is a constant and can be written

as follows:

- 3E -
J, = Jp(x) + Jn(x) tegp ¢ (4.27)
Integrating from x =0 to x = Yo yields
W, W
2 1 [T e 2 [
J, = VTJ {JP(x) + Jn(x)] dax + w ot I B(x) dx
0 0
av
- e _T
= JT + vy rvanlit {(L.28)

¥

tep 5 is used to determine the generation rate G wvhose expression is

L

given in Step 5 of Fig. 4.6. The values of a and a_ are determined

experimentally and can be calculated by using Taebles 2.1 and 2.2, After
these five steps of calculation, everything sbout the collector region
at t + At is known. A new driving voltage value at t + 2At is specified

and the cycle is repeated.

4.2.3c The Difference Equations in Computer Subprogram LSSP.

The difference eg ~35 used to solve the differential equations of
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Fig. b.5 are presented here. Figure L.T shows the space-time grid used

Tfor the differential equations where the index K refers to the time step,
“he index J refers to the carrier space step, and the index I refers

to the Tield space step.

The continuity eguations sre approximated by

K+l ¥ I~ - 2K
) R C A LS L

J £ _ {g}}f‘i - p'l p I=1 (2& 29)

At/e i § Ax )

K+ ; <K 4 4

()" - () R LT L

J ¥ _ (ﬂ)i’. + nl n I-1 (h 39)

at/e g Ax ’ i
where 4t is the time step; Ax

is the space step; and the generation rate,
assuming that only pure avalanche generation occurs in the collector

region, is given by

S (b.31)

K K K i (K
- {. {1
(G)I =3a}z;‘*n}zl + (ap)I;&J?}E! . (4.32)

The time step At is limited in this case by the dielectric relaxation

time®2 which is given by

(L)

e )
R e(nun + puai ? (k.33)

ne

At

where uo and up are the electron and hole mobilities., Poisson's equation

becomes
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FIG. 4.7 SPACE-TIME MESH USED TO WRITE THE DIFFERENCE EQUATIONS.

(a) SPACE MESH. (b) SPACE-TIME MESH.
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e N ¢ L Y L O

Ax = ele *

(E

(L.34)

where E is the electric field and ﬁD is the donor doping density in the

collector region. The transport equations for electrons and holes

becone
K+1 K+1
. (pY..5 - (p)
K _ K, K X J+1 J 4
(3)7 = e(p)y (v) - e(D )] = (k.35)
and

K+1 K+l
(n),}ﬁ - (n)J

K _ K, (K X )
(Jn)I = E{n)e}‘i'l (tn)x + e(Dn)I e {L.36)
for (E)? Z 0 and
1 K+1
{p)xﬂ - {p)
K _ (K K .k ‘Plgn J (L.
(Jp)I = e(l’):ﬁ} (vp)I - ewp)I = (4.37)
and
Yoo - ()t
K K, K X
(Jn)I = oa'(zrs}J (vn)I + e(Dn)I i (k.38)
for {E}!I{ 2 0, where v_ and v, Bre given by the expressions
)%
(v )lI{ = v SE - exp [— '?—I—E} (k.39)
P P ps /]
and
K
" (E) u y
¥ I nj
(v ). =vﬁi-—exp(-— . (L.5%0)
nl na[ vns }

respectively, and Bn and ﬁﬁ are the fisld-dependent electron and hole
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diffusion coefficients. The drift terms in the current density
equations use "upwind" carriers and are explicit. Thne reason for
the name upvind can be seen in Egqs. 4.35 through 4.38, i.e., in
order to calculate the particle current at (I,K), the particle
concentration in the direction opposing the particle flow, in the

upwind direction, is used. The diffusion terms are implicit. This

completes the semiconductor difference eguations.

The voltage constraint stated in Step 2 of Fig. 4.6,

W,
v?{t + At) = [ T E(t + at) ax , (L.41)
0

can be expressed as foilows:

£ R v £
vo)" = ax } (2); , (k.52)
: I=1

vhere HSTEP 4 waéx and the field index I = 1,2,...,NSTEF.

The electron current density at the base-collector metallurgicsl
Junctiocn is assumed to be equal to the electron current density at the
edge of the base~collector depletior region since the width of the
base-collector depletion region into the base region iz very small,
Most of the carrier generation occurs in the depleted collector region.
The electric fisld at the hase-collector metallurgical junctiom is
always above the electric field necessary to sustain electron and hole

carrier saturation velocities., If the electron end hole carrier

densities at the base-collecter metallurgical junction are defined to

oe
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respectively, where vﬁ and v__ are the electron and hole carrier

]
1]

i
24
2

saturation velocities and the avalanche multiplication produced hole

current ¢ _ is calculated by the subprogram LSSP, the actual current
e
% densities at this boundary will be significantly lower than J _ and

n3
The reason for this is that there are large magnitude electron

and hole diffusion currents flovwing in the opposite direction to the

drift current components. Figure L.8 contains the schematic distribution

prefiles of electron and hole densities in the depleted collector
region. A set of "current conserving" boundary conditions will now be

derived. When the electric field is pointing in the direction opposing -

T

that of the space coordinate x, as in n-type CATT devices, the following

vl

iz obtained:

© vl

= = epv_ + ebD 2e .
P P p x :
B

. 3n

< = epv - <b —

n n 3x

wiich can be written as
4 ;2B
. . o {p)) = (p}

()% = e(p)® ]
. P i 1 P11 P i
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The boundary conditions are obtained from these equations by rearranging

the terzms and they are

J _(t) + eD (H}K/éx
_ _nB n ‘2
nB(t) - ev * eBn/ax (4.43)

and

v 7 K

+} = BB
pB(") - eV " er!Ax * (4.uk)

. PRI 8 (4K 8 . K oy 8 13 4K .
where n,git) = (n)l, pB(t} {;s}}, '}nB(t} 3 (Jn)g’ JPBL} = s.JF}I and the

\

indexes 1 and 2 represent the space point at the metsllurgical junction
and the space point next to the junction, respectively. The carrier
veioccities are assumed to be at the saturation values and the diffusion
constants have the low field values.

%.2.3d Subprogram CCCP. The circuit problem to be solved

by CCCP is shown in Fig. L.k, The differential eguations to be solved

are
E?j' = *;'% {k.ks5)
and
=139~
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5 Iteration Scheme which Couples the Exitter-Buse Region

and the Collector Rezien Simulations. Previously, the de- ... is of ZBCP

whose resonent freguency is tumed to the signal free
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shows the distribution plots of electron and hole densities and the
electric field profile at various phase angles, At & = 18 degrees

an insignificant number of electrons is injected into the collector
region, at 8 = 108 degrees a large number of electrons is injected and
they undergo avalanche multiplication, at 6 = 144 degrees electron
carriers drift across the depleted collector region, and at 6 = 288

degrees most of the electron carriers have been collected at the collector

contact.

4.4 Improvements Over Previous Large-Signal Simulation of Class C

CATT Amplifiers

The computer large-signal simulation program described in this
chapter has eliminated the following inadequacies contained in the large-

signal simulation by Yu et al,:33

1. Emitter-base high~injection level effects were not incorporated.
2., Effects of high emitter doping level, minority carrier induced
electric field in the base region, and a nonzero minority carrier density

at the base-side cedge of the base-collector depletion region were

ignored.
3. The Early effect was ignored.

k, Diffusion currents in the depleted collector regicn were

5. A current nonconserving boundary condition for minority
carriers in the depleted collector region was employed.
6. In determining the feedback hole current in an n-type CATT

device, 2 time-averaged carrier multiplication factor was used which

-143-
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is valid only if the emitter-base injected charge is very narrov and
the carriers generated due to the base-collector reverse saturation

current are negligible.

4.5 Conclusions

In this chapter, analytical expressions for the circuit model of
the emitter-base region were derived. These expressions are valid at
any injection level. The Early effect, high emitter doping density
effect, and nonzero n(wg) effect were taken into consideration. The
collector region is modeled by employing a difference-equations version
of the semiconductor differential equations. Descriptions were given
for the numerical methods used, Field dependences of charge carrier
drift velocities, diffusion constants and ionization coefficients,
and the space-charge effect were included in modeling the collector
region. The iteration scheme which couples the emitter-base circuit
model and the collector region is described. The iteration scheme
is constructel in such a way that the time step size for EBCP, LSSP and
CCCP can be independently different from each other., This feature is

very convenient and can save much unnecessary simulation cost.
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CHAPTER V. LARGE-SIGNAL STUDIES FOR CLASS C CATT AMPLIFIERS

AND COMPARISON WITH CLASS C BJT AMPLIFIERS

5.1 Introduction

In this chapter large-signal results of Clags C CATT and BJT
amplifiers are obtained from the computer simulation model developed -
in the previocus chapter. This study is concerned with a series of
X-band CATT devices with uniformly doped and HI-LO collector structures
and a series of X-band BJTs with wniformly doped collector structures.

The main distinction between the CATT devices and the BJTs is that the -

avalanche multiplication factor of the latter is always limited to

e

1.1 or less. The effects of impurity doping levels and widths of the

base ani the collector regions and the optimum dc bias and load are
investigated at various input power levels sand operating freguencies.
The Class C CATT and BJT amplifiers are compared on the basis of their

efficiency, povwer gain, and the device inherent bandwidth.

5.2 Large-Signal Simulation Results for Class C CATT Amplifiers

5.2.1 General Discussion. The following study shows the

Wtbe?

effects of avalanche multiplication and wide collector regions. Large-

signal simulations of Class € CATT amplifiers with various impurity

LI

doping levels and widths of the base and collector regions are carried
out. The usefulness and the limitation of carrier multiplication and
long collector transit angles are explored. The optimm values of the
device parameters are determined. The amplifier inherent bandwidth,

dynamic range, power gain, efficiency, optimum dc bias and optimum

load are investigated.




The following large-signal simulations used the label DEV:material,
type, letter, N (cm=3), Vo (um) for devices with uniformly doped
collectors and DEV:materiasl, type, letter, .. (em 3), LA (um),

=3 { x $ HTLI 3 -
Ndrift (em ), vy {um) for devices with HI-LO collector regions, where

the sywmbols Nc, Wos Hav’ W and VB have been defined previously.
i

av’ ﬁ<i:r':u‘t.
Therefore, DEV:Si,n,A,2 x 1016,1.1,1 x 1015,2.9 is the label used for
a 3% device which has an emiiter-base structure A and a collector
structure whose avalanche multiplication region is impurity doped

et 2 x 1016 cm 2 and is 1.1 um wide, and whose drift region is impurity
doped at 1 x 1033 cm 2 and is 2.9 ym wide. The geometrical dimensions
and the impurity doring levels of the emitter-base structures simulated

are listed in Table 5.1.

5.2.2 Optimum Load. The optimum load for a Class C CATT amplifier
is the same as that for a Class C BJT amplifier. To obtain maximum
RF power at the fundementsl harmonic, the load should be a high Q,
paraliel RLC tank circuit which, in combination with the collector cold
capacitance Cc’ has a resonant freguency equal to that of the emitter-
base driving signal. With such a load, & typical set of JT(t), VT(t)
and the emitter-base injected charge carrier waveforms jis shown in

Fig. 5.1 where the effective dynamic multiplication factor M, is defined

A
as:
¢, T
Jg Iglt) at
M, = —% (5.1)
f G pt) +d, +J  Jat
0 ns ps

and n is the overall umplifier 2fficiency. The aforementiored optimum

load condition can be derived as fcllows. The average output power is
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G

f Ic(t)VT(t) dt (5.2)
a

Wi |t

pout

where T is the RF period. Since Ic(t) = IT(t) + Cc§d¥m/dt),

m
F

f .
J I?(t)JT(t) dat . (5.3)

ko]
i
T

“out

]

If 1 (t) and V_(t) are expressed in terms of their harmonic components
T T po s

43
L%l

g. 5.3 becomes

H
J

out T T

"
1]
pood
sy
+
yod
o

| cos 82 +...F 'IT |

} cos 51 + }IT l[VT
] . n

N

. ]"? | cos 8 +..., (5.4)

where éﬁ is the phase difference between the nth harmonic components of

o

?gt} and ?T(t). Under optimum load conditions, current component
I. sees a nearly pure resistive load and all higher harmonics of IT(t}
seé nearly a zero impedance. Therefore, 9‘ is approximately 7 rad and
Y. =0V fornZ2.
n

The resistor RL of the parallel RLC load should be such that an
optirum ?T{t) is produced. For a given dc bias, if RL is below the
optimum value, & small amplitude 's’,? is produced which means less output
power. If RL is too large, an overly large ?? will be immyessed across
the collector region which will cause a decrease in both the amplifier
efficiency and the available power to the load. This may be due to twvo
different reasons or to a combination of the two depending on the dc

bias. First, an extremely large-amplitude RF voltage causes the electric

field in significant portions of the drift region to be depressed below

-1kg9-




that necessary to sustain carriers at a saturated v=2locity during a
significant portion of their transit across the drift region. Two
consequences follow which reduce the efficiency and the output power.
The JT(t) end ‘J?(t) waveforms corresponding to this situation are

shown in Fig. 5.1. The slowing down cf charge carriers caused the large
depression in the JT{t) waveform vhich is highly detrimental tc the
efficiency and power output since the depression occurs near ihe
minimm of ‘:’T(t)- The slowing down of the charge carriers also caused
an expansion in the width of the eIT(t) waveform vhich means lower
efficiency. The reductisn in efficiency iz more severe at higher
collector trunsit angles due to the functional dependence of efficiency
on sin (BT/Q)/(OT,?E} vhere 8, = an-,r/'vs. If 8, = = rad, an expansion

in the width of the J?(t) wavefornm cculd mean that large conduction
current would be flowing during the positive hali-cycle of the nearly
sinusoidal VT(t) which mears evergy discipation. Second, having a
large-amplitude FF voltage impressed across the collacter causes the
electric field in the avalanche multiplication region to become
extrerely high when ‘J,f{t} is maximum so that a significant pulse of
charge, produced by the avalanche multiplicatior of the thermally
generated collector reverse sgturation current, is injected into the
drift region. This pulse of charge is injected much earlier than the
emitter-base injected pulse of charge. Thus, the effective widin

of the E,I,{t) wavel..m is significantly increased and therfore the
efficiency is reduced drastically. The J? and %’T waveforms corresponding
to the second case are shown in Fig. 5.2.

5.2.3 Dc Bias. It was mentioned previously that a high-efficiency,

high-gain CATT amplifier requires & dc bias such that both a
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large-amplitude VT(t) and a significant multiplication factor cccur.
The effects of the dc bias on the amplifier performance can be iilustrated

by the results given in Table 5.2, Figure 5.3 shows the optimum J_ and

‘v’,i, waveforms of a typical L-pm CATT device at different dc biases. The
operating frequency is 12.75 GHz. The cptimum dc bias is 65 V. At a
lover dc bias, i.e., 6C V, both the allowed amplitude of ‘%T(t} and the
multiplication factor are reduced. The output power, pover gain and
efficiency are also decreased. At a dc bias higher than the timum
value, i.e., B0 V, although the multiplication factor is higher, the
alloved amplitude of VT(t} decreases drastically which leads to lower
outputl power, lower power gain and lower efficiency. The drastic

reduction of the amplitude of ?T is due to the fact that vhen the de

bias is significently higher than the optimum value, a large-amplitude
%’?(t} would cause an injection of a charge pulse at a phase angle much
earlier than the emitter-base injected signal charge. This prematurely
injected pulse of charge is the result of avalanche multiplication of

the thermally generated collector reverse saturation current under an

3w

extremely high electri:- fiz.2. The effective width of E?(t} widens,

o ol

] therefere, efficiency decreases. The device also loses its controlled
» avalanche characteristics.

Wnen the emitter-base driving signal is varied in its ampiitude,
the amount of charge carriers injected into the collector region varies
as well. It was found that as the amplitude of the driving signal
increases the optimum dc bias for optimum gain ana efficiency decreases

sligi=ly. This is due to the space-charge effect of the injected

=

chargs carriers from the emitter-base junction. A larger number of

injected carriers resuits in lower carrier multiplication, and the
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Table §,2
Effects of D¢ Bias on Amplifier Performance
- DEV:5i,n,A,2.2x1018 1.1 ,2x1015 2.9; Ve = 115 sinwt - 0.2 v;
= 12,75 GHz sig
“bias  RF Voltage Amplitude . Tout n
{v) (v) ) A (Wiem?) (Percent}
57.% 12 6.25 7.5x103 10
55 17 5.65 8.5xa03 15.5
52.5 ok 5.5 8.5x153 25
50 28. 5.5 8.5x103 28
%2.5 22.5 4.6  s5,25x203 22.5
DEV:5i,n,B,6x1015.%; ugig = 1.1 sin wt -~ 0.191 V; £ = 12.75 CHz
v SF Yo1s P Sy
bias RF Voltage 2 out
Amplitude (V) T2 {W/om?} fsem {Percent) § -
8 2.5 2.3 2.hx1g® 10 11.77 3
H

N TR T

k5] 12.9 1.09 8.197Tx10°
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Table 5.2 (Cont.)

Fovsrs

DEV:3i,.n,B,1x10!6 4 ¥

= 1.1 sin &t - 0.191 V5 £ = 12.75 GHz

P it

52.5 26.%

1.53 1.23x10% 17.1 9,65

=15k~
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importance of carrier multiplication in determining the amplifier
gain and output power of a given CATT device at the optimum operating
condition relative to that of the RF voltage amplitude is reduced.
The variation in optimum de bias as a function of the emitter-base
driving signal level is illustrated in Table 5.3. The space=charge
effect is illustrated in Figs. 5.4 and 5.5. Plots of electric field
profile, electron and hole Jistributions at various phase angles, and
JT and VT waveforms corresponding to two different emitter-base
signal levels are shown. Ihe device is DEV:Si,n,B,6 x 1015k,
The profiles of the electric field at various phase angles explain
the reduction of MA as the driving signal level is increased. It is
also observed that Vsus’ ihe ‘inimum allowed VT’ is lower due to space
charge and therefore the maximum allowed RF voltage ampiitude increases
slightly with increasing Vsig’ assuming vbias is kept constant.

The optimum dc bias also varies with the operating frequency.
It was found that, for a given device, the optimum dc bias increases
with increasing operating frequency. This is because as the operating
frequency increases the transit angle increases; therefore, charge
carriers are injected into the depleted collector earlier in a given
cycle when the value of VT(t) is higher. Avalanche multiplication
becomes a more important factor in determining the gain and the RF
output power, Avalanche multipi:cation is a sensitive funciion of the

electrie field. The variacion of optimum dec bias with operating

frequency is illustrated by the results tabulated in Table 5.k,

+y i HI-
5.2.4 Effects of ?‘av’ Vo Nappp 20d vp dn HI-LO Collector

Structures. The effects of varying Nav’ w

av® Napipy 804 Vp are

examined in this section. The results given in Table 5.5 give the
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Table 5.3

Variation of Optimum

DEV:8i,n,B,1 x 1016, 4; £ = 12,75 cuz

v (V) Gp?imum Te
sig _Bias (V)
1.05 sin wt - 0.1823 55
1.10 sin wt - 0,191 51.5
1.15 sin @t - 9,199 51
1.20 sin =t - 0.2083 48.5
1.25 sin wt - 0,217 L6

DEV:Si,n,B,6 x 101545 £ = 12.75 GHz

1.05 sin wt - 0,1823 70
1.10 sin wt - 0.191 65
1.15 sin wt - 0.199 64

1.2 sin wt - 0.2084 63.5
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Table 5.4
Variation of Optimum Dc Bias with Operating Frequency

(DEV:Si,n,B,2.2 x 1016,1.1,2 x 1015,2.9)

V. =11 s8inw«t - 0,191 V
sig
Optimum Dc
£ (GHz) Bias (V)
7 50
10 52.5
12.75 52.5
1k 55
18 57
21 57.5
vsig = 1,05 sin wt = 0.1823 V
T 50
12.75 52.5
21 57.5
V. =1.0 sin wt - 0.1736 V
sig
T 50
12.7% 52.5
21 55
~160-




Effects of

ot §

R, o the Performance of Class C CATT Amplifiers

Table 5.5

QEV:Si,n,A,%av,1.1,2x1915,2.9; Vpig{t) = 1.15 sin wt - 0.2 V;

N {1/em3)
av

Optimum De
Bias (V

M RF Voltage
') A Amplitude (V)

1.6x1018
1.8x1018

2x1016
2.2x1016
2.hx1016

2.6x1016

67.5
éx?os

57.5

L1 41
L4 36
5.5 33.5
5.5 27.5
5.7 21
6.35 15.7

G

n_ (Percent) (dg)
33 2.69
32 3.83
30.5 L1
28 4.62
2k 4.16
18.5 3.33

3Ev:51,n,B,ﬁay,o.6,2x1015,3.h; Vsig(t) = 1.1 sin wt - 0.191 V;

= 12.75 GHz

bl

1x1016 75 1.2 43 3@ 13.2 i

2.5x1016 67.5 1.5 50 51 15.1 i
3x1016 66.5 1.82 52.7 39.5 15.6
Lix1016 57.5 2.2 ke.s 30 15.2

{Cont.)
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1
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Table 5.5 (Cont.)

v

DEV:S1,n,B,N_ ,0.8,2x1015,3,2; Vsig(t) = 1.1 sin wt - 0.191 V;

f = 12.75 GHz

. G
Nav (1/en®) ngziu?vgc Ma Agglgzigzg?v) n (Percent) (dg)
1x1016 75 1.3 bs.s 33 13.9
1.75x1016 T0 1.6 50 38.5 15.2
2x1016 65 1.7 L6.s 39 15.1
2.25x1016 63.5 1.8 k4.2 38 15.%4
2.5x101€ 62 2 L2 3k4.5 15.4
3.5x1016 k1.5 2.2 25 27.5 12.7

DEV:Si,n,B,Rav,1.2,2x1015,2.8; Vsig(t) = 1.1 sin wt - 0,191 V;

£ =12.75 GHz

5x10%5 80 1.35 46.5
1x1016 72.5 1.5 k9.2
1.5x1016 63.5 1.95 k1
1.75x1018 60 2.15 35
2x1016 53.5 2.4 0.5
-162-
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optimum performances of CATT devices with different ﬁav and v .

For a fixed Vov there is a corresponding optimum gav' For devices
with Hay higher than the optimum value, larger avalanche multiplication

is achieved at the device optimum dc bias, but the amplitude of VT is
decreased. The resultant efficiency, output power and power gain are
lowered. If Hav is lower than the optimum value, although the amplitude

of ¥T may be slightly higher, the avalanche multiplication is lower.

For devices with wider avalanche multiplication regions, the optimum

i

would be lower in order to maintain the device capability for large

amplitude VT' As long as the avalanche multiplication region is not

too narrow or too wide, i.e., 0.6 to 1.2 um, there is no significant

difference in the performance of devices with optimized ﬁav’

™

The effects of drift region width and its doping level have
also been examined. Large-signal simulations have been carried out for
devices with emitter-base structure A.

The operating fr~quency is kept
at 12.75 GHz. The results are summarized in Tsble S.6. The results

indicate that the longer devices have higher optimum dc biases, higher

multiplication and lower efficiencies. Higher multiplic. “on is due to

a2 longer collector transit engle which implies an earlier injection

oo g

of carriers in a given cycle when the value of ¥?it} is higher. Lower

to its dependence on sin (8,/2)/{9_/2). The amplitude

i A

f V., output pover and power gain increase with increasing ¥p until
¥ is approximately 5.5 um. At £ = 12.75 GHz, the w_ vhich corresponds

-

to a n-rad collector transit angle is 4 ym. It was indicated previously

that a collector transit angle greater than % rad implies a large current

flow durirg portions of the positive half-cycle of V_{t) and, therefore,

a large amount of energy dissipated. However, due to larger carrier
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i1 Table 5.

ffects of Drift Hegion Width

DEV:5i,n,A,2.2x1016,1.1,2x101 5w 5 v . () = 1.15 sin wt - 0.2;
=i6
f=12.75 GHz

) {um) ngizu?v?c n {Percent) ﬁﬁ A§§1Z2i323?¥) (§§)
2.1 k5 30 3.7 22.5 2.3
2.k 47.5 29.5 4.3 24.6 3.03
2.7 50 28 5.2 26 3.5
2.9 52.5 27.5 5.9 27 L.36
3.15 52.5 27 6.4 29 5.2
3.4 55 26.5 7.3 30.5 6.1l
3.65 5T.5 2h.s 8.5 32.5 7.52
3.9 60 21.5 9.6 33 8,61
i L.k 65 15 11.3 33.2 .0k
: k.65 67.5 13.5 11 30 7.81
5.15 70 8.25 10 29 €.03
N -16k-
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multiplication and RF voltage amplitude, the optimum w, for maximum
F

outpyut power and power gain is 5.5 As w,_, is incressed beyond
5.5 um, efficiency becomes very low and the maximum allowed RF voltage

ampiitude starts to decrease. The decrease in RF voliage amplitude

due to the incresse in ¥V us with increasing w,_ while the breakdowm
a2 Ubar
electric field intensity stays constant. If efficiency and power

i
“.

to

A4

garrier saturstion drift velocity sustaining value. As g consequence,

charge carriers =zt the tail end of the pulse will be slow=d down and
the charge pulse will spread out which, in turn, will cause a decrease

in the fundarentsl harmonic component of I_., This is cne aspect of

t &
1".';'
f3e
Q
ot
14
g
ot
Q
It ]

ation in amplifier power gain and efficiency due to space
harge in o lightly doped drift region. Depression of eleciric field
ehind the charge pulse, when severe enough, will bring a reduction in

the allowed maxizum RBF voltage amplitude. It can b= seen from large-

signal simulation results that at a low input signal level the cevice

with the smallest §$riﬁ* has the largest allowed RF voitsge amplitude.
=a -
i35 the input =signsl level increas the allowed maximas 55 voliage

amslitude of the device with the smallest H| decreases noticeably.

arift

‘?

miz is the other aspect ol the deterioration in amplifier power gain,
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povwer output and efficiency due to spece charge in the lightly doped
drift region.

Table 5.7 surmarizes the results of large-signal simulations of
devices with various values of H arift’ The ¢lectric field depression,

charge pulse spreading and reduction in V__ due to space charge are

RF
illustrated in Figs. 5.6 through 5.9. It is also observed that space
charge in a lightly doped drift region may force up the electric field
intensity near the ccllector contact and a significant number of
electron-hole pairs will be created. This will further expand the
duration of the induced current, incrzase power dissipation and reduce

the efficiency.

5.2.5 Uniformly Doped Ccllector Structures. Large-signal

similstions of devices with unifcrmly doped collectors have been
carried ocut. The results are surmarized in Table 5.8. These results
correspond to the operating condition when both the power gain and the
efficiency are coptimized. The following observations can be made:

1. Shorter devices have higher efficiencies. The higher efficiency
is due to & higher ¥R?/‘i.b ias ratio and a smaller collector transit
angie. At £ = 12.75 GHz, however, efficiency reaches a saturation
value when the collector region width is reduced to 2 um and it will
not increase significantly if Yo is further reduced.

2. Longer devices have higher output power and power gain. The
higher cutput power is due to & larger allowed RF voltage amplitude and
& higher avalanche multiplication factor. The higher multiplication
factor is due to a higher optimus dc bias and an earlier injection of

charge carriers into the collector region relative to the ’s',r wavefornm.




Table 5.7

Effects of {drift

DEV:S5i,n,B,2.2x1016,1.1,kx1015,2,9; £ = 12.75 GHz; Viias = BV

. p " RF Voltage G;
sig “A  Amplitude (V) 1 (Percent) (dB}

sin wt - G.1736 6.k5 23.3 23.5 15.7

1.05 sin ot - 0.1823 3.5 2h.3 27.5 1k.9
1.1 sin st - 0.191 2.35 24,7 26 13.7
1.15 sin wt - 0.2 1.98 2h.3 25.2 12.4

1.2 sin ot - 2.208k 1.68 22 16 10.5

DEV:Si,n,B,2.2x1016,1.1,3x10%5,2,9; £ = 12.75 GHz; ¥V, . _ = k7.5 ¥

sin wt - 9.173% 5.5 25 26 15.5

1.05 sin ot - 0.1823 3.b 27.5 27 1L.2

1.1 sin ot - 0.191 2.5 28 2h. 13.9

W

1.15 sin «t - 0.2 1.96 27 18,38 12.2
1.2 sir »t - 0.208F 1.78 27.5 13.7 10.5
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Table 5.8
Large-Signal Simulation Kesults of CATT Devices with
Uniformly Doped Collector Structures
DEV:Si,n,B,N ,5; f = 12.75 GHz; ‘s’sig(t) = 1.1 sinwt - 0,191 V
n {1/cm3) Optimum ?-c “ RF Voltage gp
o " _Bias (V} A _ Amplitude (V) n (Percent) (aB)
2x101% 8o 1.12 38 22 11.8
6x1015 73.5 3.63 57.7 29.9 18.61
1x1016 51.5 2.6 27.5 23.2 14.55
1.25x1018 45 2.69 2.9 19 13.3
QE."V’:Si,n,S,ﬁé,f;; f = 12.75 GHz; vsig(t) = 1.1 sin «t - 0.3191 ¥
2x10l15 10 1.05 k1.5 38 12.8
kx1pl5 0 1.h2 45.5 38 13.9
6x1015 63.5 1.72 k.5 38.5 15.8
8.5x10!% 56.5 2.55 6.5 29.5 16.7 ;
1x1016 51.5 2.6 22.5 26.5 1%,.96 ;
DEV:Si,n,B,H .35 f = 12,7 GHz; %’__i#(t} = 1.1 sin wt - 0.191 V
2x1013 ks 1.05 36.5 56.5 11.6
6x10!5 56.5 1.35 36 Ly 12.3 ,
i
1x1olé k7.5 2,11 33 32 11.5 g
%
(Cont.} %
= %
§ 173 - )
%




Table 5.8 (Cont.)

DEV:Si,n,B,NcQ; f=12.75 GHz;

v ig(t) = 1.1 sin wt - 0.191 V

N (1/cmd) °§§i§"?v?° Ma ggg_fgigzg?v) n_(Percet) ,___L
2x1015 33 1.0 28.5 55 10
6x1015 37.5 1.02 29 52 10.2
1x1016 4o 1.06 2.k 47 10.2
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3. The optimmm N, is approximately 6 x 1015 cm~3. With a higher
N,» the avalanche multiplication factor may be higher at the optimum
dc bias, but the permissible VRF is consistently lowver. The difference
in the allowed VR}‘ is pronounced when ¥ z 3.5 ym and f = 12.75 GHz.

To maintain a large permissible VRF’ due to an increase in vsus with
increasing v, the optimum dc bias of devices with N, 21 x 1016 cm3
actually decreases with increasing w, if w_ > L ym. The consequences

T T

can be a decreased Hg and a decreased permissible v}{?‘ Devices with
H, < 6 x 1015 em 3 at their optimm dc bias suffer from a smaller
avalanche multiplication factor and space charge is more likely to
reduce the permissible VRF' The space-charge effects were discussed in
Sections 5.2.3 and 5.2.4.

L. Performance of derice DEV:Si,n,B,6 x 1015,k compares very
favorably with that of devices with various & ym HI-LO collecter
structures at f = 12.75 GHz and vsig(t) = 1.1 sin wt - 0.191 V, The
results are summarized in Tables 5.5 and 5.6. A CATT device with a
uniformly doped collector can be fadricated more easily. The

dynamic range and inherent bandwidths of devices with HI-LO and

o a0 Ko

uniformly doped collectors are compared and discussed in a later section.

5. It has been shown that VRF should be as large as possible to

maximize the power gain and efficiency. When VRF equals the maximum

i

permissible value, there is a considerable amount of charge carriers
generated frorm avelanche multiplication of the charge carriers of the
collector reverse saturation current during the time perisd vhen VT

is near its maximom value. This is also true for devices with HI-LO

collector structures. Therefore, & more exact definition of !ii!A is

Ao
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This expression implies thet the induced collector terminal current
JT(!;) is due to avalanche multiplication of both the charge carriers of
the emitter-base injected current and the collector reverse saturation

current, although the former is usually the donminant one.

5.3 Large-Signal Simulation Results for Class C BJT Amplifiers

The operation of Class C BJT amplifiers can be considered as a
special mode of operation of the previously simulated three-terminal
devices operated as Class C CAIT amplifiers. The difference lies in
the combination of collector transit angle, base-collector dc bias and
amplitude of VRF which results in a collector multiplication factor of
1.1 or less for BJT amplifiers.

Sinece avalanche multiplication does not play an important role
in determining the performance of Class C BJT amplifiers, only devices
with uniformly doped collectors have been simulated., The results of
large-signal simulations of various Class C BJT amplifiers operating at

.75 GHz are summarized in Table 5.9. The following observations can
be made:
1. For devices with any w,,, those with the lowest Hc consistently
have the best performance as long as space-charge density in the
collector region is not excessively high. This is due to the restriction

on M vhich makes V__. the only major factor in determining amplifier

A RF
performance. Higher Rc implies higher ¥sus and VPT' Higher Vsus and
‘s’?r implies higher electric field in the vicinity cf the base-collector
-176-
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Table 5.9

Large-Signal Simulatior Results of Class C BJT Amplifiers

DEV:Si,n,B,N_,5; £ = 12.75 Gilz; Vsig(t.) = 1.1 sin wt - 0.191 V

5. (1/em3) Optimum Dec o RF Voltage ) Gp
c Bias (V) A Amplitude (V) n (Percent) (dB)
2x1015 T0 1.06 32.9 20 10.89
6x1p15 36.5 1.1 13 1L.5 7.3
nl6 Tern s P z
1x19 always operates as a CATT amplifier when vbias VPT
DEV:Si,n,B,N ,b; f = 12.75 GHz; ’s’sig€t) = 1.1 sin wt - 0.191 V
2x1013 10 1.05 k1.5 39 12.8
kx1015 55 1.1 21 k0.5 12.55
6x1915 35 1.1 12.8 21.7 8.06
8.5x1015 32.5 1.1 10.5 13.5 6.53
is 5 . ;
1x30 always operates as a CATIT amplifier vhen gbias VPT
35?:31,3,3,32,3; f = 12.75 GHz; %’sig{t) = 1.1 sin wt - 0,191 V
6x1015 50 1.1 33.5 ¥4 12
ixiolé 27.5 1.1 1h.% 20 1.5
{Cont.)

AT
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Table 5.9 {Cont.)

DEV:Si,n,B,N ,2; f = 12.75 Ghz; Vaig(t) = 1.1 sin wt - 0.191 V

it

ram3) Optimum e RF Voltage “p
e (1{&1 ) Bias (V) gﬁ Amplitude (V) n (Percent) (4B}
2x1015 33 1.0 28.5 55 10
6x1015 37.5 1.02 29 52 10.2
1x10l6 ko 1.06 k.4 LT 10.2
-178-
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Junction. When HA is restricted to 1.1 or less, therefore, devices
with higher S{: have a lower maximum allowed ‘?R.F. This points out one
major difference in the design of CATT and BJT amplifiers.

2. Maximmm pover gain is achieved by the device
DEV:Si,n,B,2 x 1015,k vhile for CATT devices maximum pcver gain is
achieved by devices with collectors 5 im or longer. As for BJT
amplifiers, longer devices have a large collector transit angle which
implies that charge carriers injected from the emitter-base junction
reach the multiplication region vhen V? is higher. Since HA is
restricted to 1.1 or less, therefore, & longer device has a smaller
maximum permissible V.. when w, £ 3 ym. If the collector is intrimsic
or extremely lightly doped, maximum pover gain would be achieved by a
longer device, but the maximum current density would be limited by the
afurementioned space-charge effects and therefore the device cutput
pover will be limited. The reductions in maximun permissible V., and

RF
pover gain with increasing v, are very pronounced in devices with

Al e B ¢ an

", 26 x 1015 en? and Vi, Z 3.5 ym. This points out snother difference

in the design of CATT and BJT amplifiers.

i R

3. Devices with wy 3 2.5 ym, vhen operating at optimum conditions,
are BJT amplifiers indepeadent of the values of Sg. The performance
of the device with K_=1x 1016 oz 3 is almost the same as that of
the device with K, = 2 x 1015 cm' 3 at ?sig{tli = 1.1 sin wt - 0.191 V.

AL -#,? 2 2 yn, s higher §c may be desirable due to increased current

At oo+

capability of the device.

h. A shorter device has a higher efficiency.
Comparisons betveen the Class C CAIT and BJT amplifiers are

carried out in the next section.
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5.4 Comparison Between the Class C CATT Amplifier and the Class C BJT

5.4.1 BRF Power Gain and Efficiency at £ = 12,75 GHz and

Vs (t) = 1.1 sin wt - 0.191 V. Large-Signal simulations of devices

vith v, ranging from 2 um to 5 um and ¥, from 2 x 1015 cm 3 ¢o

1 x 1616 om™3, operating at 12.75 GHz and vsig(t) = 1.1 sin wt - 0.191 V

were carried out and the results ares summarized in Tables 5.8 and 5.9.
It is observed that a maximum s}} of 18.61 4B at 29.9 percent efficiency
is achieved by DEV:Si,n,B,6 x 1015,5 operating as a CATT amplifier as
compared to a maximum Gp of 12.6 dB at 3%-percent efficiency achievad
by DEV:Si,n,B,2 x 1015,k operating as a BJT amplifier. An additional
5.85-d8 pover gain at the expense of 1l0-pareent efficiency reduction
can be developed by employing a suitable CAIT amplifier. If
DEV:Si,n,B8,6 x 1015,k operating as a CATT amplifier is used, a 15.8-dB
pover gain at 38.5-percent efficiency can be achieved. Thus a well-
designed CATT amplifier can achieve the same efficiency and a 3-4B
additional pover gain as compared to the maximume gain BJT amplifier st
12.75 GHz. The higher gain is mainly due to a multiplication factor
of 1.72 and, to a lesser extent, a slightly larger allowed '9‘3?6 Iir
DEV:5i,n,B,6 x 1015,3 um is operating as a CATT amplifier, a power gain
of 12.3 dB can be achieved which is approximately the maximms pover gain
achievable by the BJT amplifier at 12.75 GHz. However, due to its
shorter coliector region, CATT amplifier DEV:Si,n,B,6 x 10}5,3 has &
higher efficiency than the maximm gain BJT asmplifier.

It vas noted previously thatl devices with w? = 2.5 um, vhen
operating at optimm conditions and £ = 12.75 GHz, are BJT amplifiers

since their multiplication factors are less than 1.1. The BJT amplifiers

-180-

oy

bes 4




T R

<
with wT = 2.5 ym have higher efficiencies but lower power gain than the

CATT amplifiers.

5.4.2 Dynamic Range. The dynamic ranges of various CATT

amplifiers and BJT amplifiers were investigated and the results are
discussed in this section. The Vbias is kept constant at the optimum
Vi sas COTTesponding to vsig(t) = 1.1 sin wt - 0,191 V, although it
was shown previously that the optimum Vbias varies slightly with the
input signal level.

From Fig. 5.10 it is observed that Gp and n of both the CATT and
BJT amplifiers are low at low input signal levels. This is due to
low emitter ingection efficiency at low input signal levels at an
operating frequency of 12.75 GHz. At high input signal levels, G
and n of both the CATT and BJT amplifiers deteriorate. In the case of
CATT amplifiers, the deteriorations in G_ and n are due to space-charge-
caused reductions in MA and VRF and space-charge-~caused spreading in
the induced current waveform. High injection level effects in the
smitter-base region is another cause. In the case of BJT amplifiers,
all the aforementioned are causes for reductions in G_ and n at higher
input signal levels except the reduction in MA. By definition, MA is
never greater than 1.1 for BJT amplifiers.

By comparing Figs. 5.10a and b, it is seen that
DEV:S8i,un,B,1 x 1018 4 has comparable Gp at low input signal levels,
e, By 21 x 1073 W, as does DEV:Si,n,B,6 x 10154, Its G reduces
faster with increasing P, in the rangs 1 x 1073 W 3 Py $5x103W
than that of DEV:Si,n,B,6 x 1015,4 due to the fact that M, is a more
important factor in determining its Gp and M, iv very sensitive to any

A
space-charge~caused reduction in the electric field during emitter-base

s e L L
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h. DEV:81,8,8,1 x 1016,2; Votas ® MYV

§. DEV:8i,n 3,2 x 10%%,2; Votes = 37

3. DEV:S4,n,8,3 x 101%,0.6,2 x 101%,3.k; Vosas " 65V
k. m=91.3.3.2-?5810“'&8.2:10“.3.2; vbi‘l " 65V

1. DEV:Si,n,B.1.25x038,1.2.200%%,2.8; Vites * 65V

e

ine

FIG. 5.10 POWER GAIN ARD EFFICIENCY VS. INPUT POWER
CHARACTERISTICS OF VARIOUS CATT AND BJT AMPLIFIERS.
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charge injection. For Pin >5 x 10 3 W, the rate of reduction in G

is slower for DEV:Si,n,B,1 x 1015,h because MA is no longer as important

in determining Gp and the space-charge effect in the low=field drift

region of DEV:Si,n,3,1 x 1016,4 is not as severe as in

DEV:Si,n,B,6 x 1013,4, This explains the even faster rate of reduction

in Gp of DEV:Si,n,B,2 x 1015,k as shown in Fig. 5.10d. Of the three )
devices with uniformly doped collectors, DEV:Si,n,B,6 x 1015,k has the

; best Gp and n characteristies. All three devices with HI-LO collector
structures, whose Gb and n characteristics are shown in Figs. 5.10]
through 1, are very inferior to DEV:Si,n,B,6 x 1015,h.

Devices whose Gp and n characteristics are shown in Figs. 5.10c, f

and g through i are BJT amplifiers. It is observed that the amplifier 5
dynamic range is severely reduced when Nc is too low (due to space-charge

effects) and shorter devices with properly designed Nc have lower power

gains but higher efficiencies and a wider dynamic range. The wide

dynamic range associated with a short device, i.e., wT = 2 um, is due

to the fact that M, S 1.1 at optimm V_, _ even at lov input signal

levels and therefore an almost constant MA, independent of space charge,

exists.

5.4,3 Inherent Bandwidth. Plots of Gp, n, Vpp and M, vs.

frequency for CATT and BJT smplifiers are shown in Figs. 5.11 through
5.13. The decrease in GP for a short BJT amplifier, i.e.,
DEV:Si,n,B,6 x 1015,2, can be attributed to well-known causes such as
the emitter-base RC frequency cutoff mechanism, base znd collector

time delay, and collector capacitor charging time., Since MA is limited

to 1.1 or less for the BJT, V_, decreases slightly as frequency is

RF
increased. This is shown in Fig. 5.13. This decrease in VFF also plays

W
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a role in the decrease of Gp and n. For a longer BJT amplifier, i.e.,
DEV:Si,n,B,2 x 1015,4, the decrease in Vop is more severe in order to
keep HA £1.1. Thus, Gp and n decrease more rapidly with frequency

as shown in Fig. 5.12. The inherent bandwidth of the 2-uym BJT is wider
than the L-um BJT. For a CATT amplifier, y!A is alloved to take on any
value as long as it is not tco high and a stable operation cannot be
achieved. The RF voltage amplitude VRF of CATT device

DEV:Si,n,B,6 x 1015,k stays constant up to 14 GHz. For higher
frequencies, VRF decreases with increasing frequency in order to
maintain stable operation. This decrease in VRF results in decresses
in {}? and n. As freguency increases, gg also increases which helps to
offset the decrease in GP. This explains the slower rate of decrease

in G, as ccmpared to that of n. The k-im CATT amplifier has a much

wider inherent bandwidth than the L-um BJT amplifier,

5.5 Conclusions

Large-signal simulation results for both the Class C CATT and
Class C BJT amplifier were presented in this chapter. The optimum dc
bias condition, optimum load and their variations vith frequency were
investigsted. The effects of device structural parameters wvere
studied and optimem device structures for both the CATT and the BJT
amplifier cperating at 12.75 GHz were obtained. Several differences
in the design of optimum CATT and BJT amplifiers were derived from
the large-zignal simulation results. <Comparison between the CATT
and the BJT amplifiers in terms of gain, efficiency, dynamic range and

intrinsic bandwidth vere also given.
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CHAPTER VI. SUMMARY, CONCLUSIONS, AND SUGGESTIONS

FOR FURTHER STUDY

6.1 Summary and Conclusions

The purpose of this study was to investigate the effects of
avalanche multiplication and transit time in the collector region of a
BJT. Analytical equations, circuit models, and computer simulations
were used to determine dc¢, small-signal, and large-signal behavior of
CATT amplifiers.

In Chapter 1I a dec computer program was developed which determines

the dec avalanche multiplication factor vs. V

. characteristics for
bias

any Si or GaAs collector structure. The results provide an estimation
of device large-signal performance capability. The optimum collector
parameters, i.e., Uav’ Hav’ Rc,obtained from the dc computer program
correspond well to the results of large-signal simulation. Results
also indicate that an n-type Si CAIT amplifier is superior to p-type
Si and n-type GaAs CATT amplifiers due to its favorable H;; vs. gbias
characteristics. °

In Chapter 1II analytical models of de and small-signal charac-
teristics for CAIT devices with Read-type collector structures were
given vhich incorporated both the avaianche multiplication and the
ccllector transit-time mechanisms. Contrary to previous findings, the
small-signal characteristics of Class A CATT amplifiers indicated that
a larger avalanche multiplication factor results in a smaller RF power
gain and an increase in Si does not necessarily imply a significant

o

increase in fm. Results were given and discussed. One conclusion

vas the inapplicability of CATT devices as Class A amplifiers.
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In Chapter IV a large-signal computer simulation was developed
which incorporated several improvements over the large-signal simulation
previously reported,33 i.e., high injection level effects in the base
region, Early effect, effect of high impurity level in the emitter,
nonzero minority carrier concentration at the edge of the base-collector
depletion region on the base side, minority carrier induced electric
field in the base region, current conserving boundary condition for
minority carriers in the collector region, and diffusion current in
the collector depletion region.

In Chapter V large-signal results of Class C CATT amplifiers
vere given. Effects of base-collector dc bias, load, operating fregquency
and ccllector structures were examined and discussed. The simulation
calculates output power, puower gain, and efficiency of the amplifier.

It alsoc gives emitter-base current and voltage waveforms; avalanche
multiplication factor; JT and %’T waveforms; and spatial distributions

of electrons, holes, and electric field in the collector depletion region
at any time instant. Various Si n-type CATT and BJT Class C amplifiers
operating at 12.75 GHz were compared in terms of output power, power
gain, efficiency, and dynamic range. Optimum collector impurity doping
level and optimum width of the collector region of both the CAIT and BJT
amplifiers were determined and discussed. Carrier multiplication and
iong collector transit time do increase power gain, but at the expense
of lower efficiency and smaller dynamic range. Avalanche multiplication

does help to increase the device inherent bandwidth.

6.2 Suggestions for Further Study

In the course of this study several additional topics which need

further exploration were found. They are as follows:
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1. A cost-tolerable, two-dimensionsl, large-signal computer
simuiation program to account for the nonuniform injection of carriers
at the emitter-base junction and the nonuniform injection of carriers
into the collector region due to nonuniform emitter-base junction
potential across the emitter finger laterally caused by the flow ¢
conventional base current and feedback hole current in a resis:iive base
region.

2. Fabrication of X-band CATT devices and experimental studies
of Class C CAIT amplifiers.

3. Construction of nev models for use at higher frequencies.

L. Small-signal and large-signal noise theories for CATT devices.

5. Thermal limitation studies.

6. Application of CATT devices as high-voltage, high-current
drivers.
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